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Abstract

A balanced HEMT doubler for operation at millimet-

er waves has been analyzed, fabricated and charac-

terized. Particular attention has been paid to the in-

fluence of the output circuit on the performance of

the doubler. The doubler was analyzed with a har-
monic balance method and experimentally an out-

put power of 4dBm at 42 GHz was obtained. The

conversion gain is approximately -1 dB at 40 GHz at

an input power of 5dBm. Bias and frequency re-

sponse were very close to the predicted ones.

Introduction

The use of a doubler could be a convenient way to

overcome the problems associated with signal gen-

eration at millimeter wave frequencies. Several dif-

ferent doubler configurations are known from pre-

vious investigations [1,2,3]. The balanced doubler is

especially attractive due to the high conversion effi-

ciency and the effective suppression of the funda-

mental and the third harmonic frequencies [1,3].

The input signal to the doubler is fed to a power di-

vider which divides the power equally between port

1 and 2 with 180° phase difference between the

ports. The signals from the dividers are connected

to a HEMT amplifier each, which are biased for clip-

ping at the drains (fig. 1).
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1: Block diagram of the doubler.
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The drains are connected by transmission lines. At

the output, the fundamental and other odd har-
monic signals have opposite phase and destructive

interference cancel these frequency components. On

the contrary, the second harmonic frequency signals

have the same phase and therefore interferes con-

structively. By proper construction of the doubler

conversion gain can be obtained. We present a 20 to
40 GHz doubler based on this principle.

Modeling of the HEMT and optimization of
the doubler ci~cuit

For the nonlinear simulation we have used a newly

developed HEMT model [4] which is suitable for

commercial harmonic balance simulators. The

drain current dependence fcm the HEMT is ex-

pressed in accordance with previous MESFET mod-

els as Id[Vg,Vd]=ldA [Vg].IdB [Vd], where the firSt

term is dependent only on the gate voltage and the

second only on the drain vcdtage. The complete

equation for the new model is:
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Fig. 2: Equivalent circuit of the transistor.
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Fig. 3: Measured (dots) and simulated (line) Id-Vd

characteristics.
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Fig. 4: Simulated output voltage.

where IPk is the current at maximum transconduc-

tance, Y is in generaI a power series function cen-

tred at the gate voltage for maximum transconduc-

tance, Vpk, and with variable Vg i.e.

Y=pl (Vg-VPk)+p2(V.g-VPk) 2+p3(Vg-VPk)3+... .

where L is a parameter influencing the dependence

of the output conductance on Vd, ct is the saturation

voltage parameter influencing the linear part of the

Id vs Vd characteristics of the transistors. Parameters

(x and L are the same as in Statz and Curtice model

and

PI= gmPk/(IPk (l+i.vd))-gmpk/Ipk

In our model a third term P3 is used to improve the

fitting of the drain current and gm at voltages close
to pinch off. The model was easily implemented in

a commercial software, MDS from Hewlett Pacard,

as a custom defined model. The parameters of the

equivalent circuit (Fig 2) of the transistor which

were obtained from measured S-parameter up to

62.5 GHz and DC-measurements are listed in Table

1. In Fig. 3 the measured and simulated Id-Vd char-

acteristics of the HEMT are shown.
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Fig. 5: Output power versus. Lout.
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Fig. 6: Simulated output spectrum of the doubler

Different modifications of the outtmt circuit were

investigated by using the harmonic’ balance method

for a relatively small number of harmonics

(typically 8-10). After the determination of the har-

monic content, the voltages and the currents can be

restored by an inverse Fourier transform. The

HEMT drain voltages, and output voltage Vout are

plotted in Fig. 4.

The effect of output transmission line lengths,

impedances and DC bias circuits were investigated:

Short lengths of Lout (LOUt/kOut<O.l) results in a drop

in multiplier efficiency (fig.5).

Optimum characteristic and best harmonic content

of the doubler were obtained for an output circuit
line, Lout, with a length approximately equal to

Lout/4. This length decouples the transistors at the

first harmonic. and matches them for the second
harmonic. Harmonics of higher order are 23 dB be-
low the second harmonic output signal (fig. 6).
The analysis showed that the choice of the DC mode

is not critical for the operation of the HEMT dou-

bler. Nevertheless, from the point of view of opti-

mization of the high frequency multiplier efficiency

from the first to the second harmonic, optimization

of output power, gain, dissipated DC power, spec-

trum contents, etc., the optimum mode is with a
drain current Id=IPk. For maximum output power,
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Fig. 9: .Measured output power vs gate bias.

Fig. 7 Photo of the doubler circuit.
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Fig. 8. Measured output power versus input power

which were obtained for an input power of about 3-
4 mW, the second harmonic output voltage VPk2 iS

approximately equal to the difference between the

operating DC voltage Vdc and the knee voltage, V~n,

of the VA curve, VPk2=0.4(Vdc-Vkn) (fig 3). An im-

portant point, often overlooked, is that the drain

voltage can reach dangerously high levels, that

could cause breakdown in the transistor.

The used software puts no particular limitation on

the model used for the capacitance of the FET
(linear, junction, Statz). In most cases however, the

use of simple models is imperative. An analysis of

the effect of the non-linearity of these capacitances

on the frequency transformation processes has

hence been carried out, The result of the analysis

show that the differences are small (<1OYO) and for

most cases the capacitances may be considered to be

constant. This is because the main process responsi-

ble for the multiplication in the balanced doubler is

the current clipping.

The relative importance of unbalance in the input

power divider was also investigated: A 10o phase

deviation from the ideal 1800- phase difference or a

0.3 dB unbalance of the amplitude in the input cir-

cuit will decrease the output power 1 dB.
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Fig. 10: Measured frequency response of the doubler

With an unbalance in both amplitude (0.3 dB) and

phase (lOo), results in a decrease of the output

power of approximately 3 dB.

Experimental results

A photo of the doubler circuit is shown in Fig 7.

The modeled doubler circuit was realized on 5 mil

alumina substrate. i.1-doped pseudomorphic HEMTs

with fmax of the order of 180 GHz were fabricated in

our laboratory. The use of ~-doping allows an un-

doped spacer layer in between the gate and the two

dimensional electron gas channel, which has the
important effect of increasing the gate breakdown

voitage. 1800 phase difference of the input signals

over a wide frequency band is required for realisa-

tion of a balanc;d doubler. A 1800 rat race hybrid

was chosen for the experimental verification; The

characteristic impedance of the individual elements

of the hybrid were optimized for bandwidth. The

values of the individual matching elements of the

input circuits were found with a standard optimiza-

tion program. They were further adjusted by the

MDS (Hewlett Pacard) on the basis on the direct im-

provement in the multiplier efficiency for the sec-
ond harmonic.
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The drain voltage is applied through a common

high impedance line, &t/4 long at the output fre-

quency. Input and output to the doubler were made

with V-connectors.

In Fig. 8, the output power from the doubler is plot-

ted versus the input power. In the power measure-

ment, the fundamental frequency component was

effectively suppressed by using a WR-22 coaxial-

waveguide transition at the output. The conversion

gain is approximately -1 dB at 40 GHz with an input

power of 5 dBm. The effect of bias is shown in fig. 9

where the simulated response is also plotted. The
measured frequency response of the doubler is

shown in fig. 10. Bandwidth is limited mainly by

the input 180° rat race coupler. By using couplers

with better characteristics [6,7] it should be possible

to improve flatness of the output power ver-

sus .frequenc y response.

Conclusions.

A newly developed large signal HEMT model was

applied for the analysis of a balanced HEMT dou-

bler. An experimental investigation confirm the re-

sult of the harmonic balanced simulations. An out-

put power of 4 dBm at 42 GHz was obtained experi-

mentally, bias and frequency response were very

close to the predicted ones.

Acknowledgement

The authors would like to thank Camilla Karnfelt

at Ericsson Radar Electronics (ERE) for help with

the substrates and bonding, and Thomas Andersson

at Chalmers University of Technology for

fabricating the testfixtures. The Swedish Defence

Material Administration (FMV) and The Swedish

national board for industrial and technical

development (NUTEK) are acknowledged for

financial support, and Prof. E. Kollberg, Dr L.

Lundgren, Dr T Lewin and Gunnar Ericsson for

their strong support of this work.

Table 1 :Extracted parameters of the pseudomorphic

HEMT.

]% ~gs R Rf ‘d R& Cds Crf c= c#
[Q] [Q] [Q] [Q] [Q] [Q] [m] [m] [fF] [fF]
8 5 5 9 6 1000 14 50 40 13
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