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Abstract—The performances of a frequency doubler
based on a distributed amplifier are evaluated
experimentally. The gate and drain artificial transmission
lines have band-pass filter frequency behavior, centered
on the fundamental and second harmonic, respectively.
The circuit topology of this frequency doubler makes
possible a significant reduction of the power level for the
output fundamental and third harmonics. The frequency
doubler characterized in this paper has the experimental
values of the conversion loss less than 4 dB and 7 dB,
when the input power level is equal to -1 dBm and 5 dBm,
respectively, for the input frequency ranging between 4
GH? and 6 GHz.
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1. Introduction

Broadband  frequency  multipliers  are
frequently used in communication and
measurement equipments. In particular, hybrid or
monolithically integrated broadband frequency
doublers have been designed and fabricated,
using Schottky diodes or transistors [1-5]. In [1],
a GaAs Schottky diodes based frequency doubler
having the conversion loss below 22 dB for input
power level of 18 dBm has been reported for
output frequencies from 50 to 110 GHz. Using
heterojunction bipolar transistors, the conversion
gain is possible for a low input power level
between -30 and -15 dBm, and, moreover, high
rejection of the output fundamental harmonic up
to 28 dB are also possible, even up to 110 GHz
[2]. Based on the Gilbert cell [3], similar
performances as in [2] have been reported in [4]
and [5], for frequencies up to 110 GHz and for
frequencies from 36 to 80 GHz, respectively.

In [6], a new circuit topology for a broadband
and low spurious distributed frequency multiplier
has been analyzed and designed. In this paper, the
experimental results for the frequency doubler
proposed in [6] are presented and compared with
the simulated ones. For clarity, the results
obtained in this reference are reviewed shortly in
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the following. The schematic of this proposed
circuit is shown in Fig. 1. The frequency
multiplier is based on a distributed amplifier
working under nonlinear regime. The gate and
drain artificial lines consist of cascaded band-pass
filters having the working frequencies equal to
fin and mf;, , respectively, when m is an integer
number equal to the order of the frequency
multiplication. If b, and b, are the phase shifts

of the band-pass filters used to realize the gate
and drain artificial lines (computed at the
frequencies f;, and mf, , respectively), the

output power on the frequency harmonic mf;, is
maximized if mb, =b; (the phase matching

condition) [6]. The fully-distributed topologies
presented in Fig. 2 have been proposed to realize
the gate and drain band-pass filters for a
frequency doubler (m=2), where 6, and 6,

are equal to 180° at the central frequencies of
these filters, f,;, and 2f,;,, respectively. In

particular, the drain band-pass filter is composed
of two identical cascaded cells, each one having
the same circuit topology as for the gate band-
pass filter. In this case, the expressions for the
gate and drain phase shifts may be written as

by =nfin! fontA4 and by =2nf;,/ fo,, +2-4,

when A =sin"" [(ZC ! Z.,)tan(nf;, /fo’m)J . From

these formulas, it is observed that the phase
matching condition is fulfilled for any frequency
inside the pass-band of the gate and drain filters.
These fully-distributed phase shifters have the
same physical length. Taking into account the
practical aspects related to the implementation of
the distributed amplifier, this is an important
advantage of wusing fully-distributed circuit
topologies for the gate and drain phase shifters.
This advantage is not available if fully-lumped
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band-pass filters are used. Indeed, if the drain
band-pass filter is composed of two identical
fully-lumped cascaded cells, each one having the
same circuit topology as for the gate band-pass
filter, the phase matching condition may be
fulfilled over a large frequency bandwidth, but
the physical lengths of the gate and drain band-
pass filers differ significantly. For equal physical
length, one cell may be used to realize the gate
and drain band-pass filters, but, in this case, the
phase matching condition may be fulfilled at the
central working frequency, only.

Using fully-distributed circuit topology for the
band-pass filters, a frequency doubler has been
designed and fabricated for 4-6 GHz input
frequencies, on RT/duroid 5870 substrate of
0.508 mm thickness [6]. For the gate and drain
band-pass filters (see Fig. 2), Z.,=60Q,

Z,=92Q and Z,, =110Q [6]. The characteris-

tic impedance of these band-pass filters is
Z. =50, at the input central working frequency
equal to 5 GHz.

The photograph of the realized circuit is
presented in Fig. 3.

2. Description of the simulated and
experimental conditions

InGaAs HEMTs have been used to realize the
circuit. For the simulated results, the transistors
have been modeled using the Angelov nonlinear
equivalent [7]. Accordingly to this model, the

¥ =RV, +

drain  current is:

(1+AV,;)-tanh(aV,;),  where

+PVg + Py and Vg =V, +B (Vy—Vy)+
2
+By (Vi =Vap) =V pic -
expression of the nonlinear drain current have
been obtained in order to fit the DC
characteristics of the transistor. It was obtained
[8]: ]pk =20mA, F =42, P =0.3478,
P,=0.0105, B,=0.04, B,=0, Vg =1V,
Ve ==0.11V, a=4 and A=0.12, while Ve

and ¥V, are the gate and drain voltages.

The bias point of the transistor have been
imposed (in simulation and experiment) for the
drain current and voltage equal to 10mA (the gate
DC voltage is -0.3 V) and 1.5V, respectively.

The other parameters of the nonlinear
equivalent circuit used in simulation have been

The parameters for the

obtained in order to fit, as well as possible, the
scattering parameters of the transistor, up to 18
GHz, for the particular bias point specified above.
The following values have been obtained for a
unilateral equivalent circuit: C,,, =0.36pF (gate-

source  capacitance), R; =20Q  (intrinsic
resistance), C, =0.1pF (drain-source
capacitance), R, =1800Q (drain-source

resistance), 7=0.006ns (gate-drain time delay),
L, =0.58nH (gate inductance) and L, =1.05nH

(drain inductance). The other parameters of the
model have been neglected.

The frequency doubler has been simulated by
means of the MWO software package [9].

The power level on the output harmonics
have been measured using Anritsu MS2668C
spectrum analyzer connected to the output of the
circuit, while the Agilent E8257D signal
generator has been connected to the input.

(@) (b)

Fig. 2. Fully-distributed gate (a) and drain (b) band-pass
filers used for the proposed frequency doubler.
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Fig. 3. The realized distributed frequency doubler.
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The input and output return losses have been
measured under small-signal condition using a
scalar network analyzer.

3. Comparison between simulated and
experimental results

The simulated results obtained with MWO
and the experimental results for the output power
on the first three harmonics versus the input
frequency are shown in Fig. 4, for two input
power level of -1dBm and 5dBm. As it can be
observed, the output first and third harmonics are
well filtered for input frequencies between 4 GHz
and 6 GHz. For this frequency bandwidth, the
output power level on the second harmonic has
low variation.

The experimental values for the conversion
loss on the second harmonic, for input frequency
ranging between 4 GHz and 6 GHz, are less than
4 dB and 7 dB, for input power level of -1 dBm
and 5 dBm, respectively.

The rejection at the output of the fundamental
and third harmonics is more than 30 dB for both
input power levels of -1 dBm and 5 dBm, for
input frequencies between 4.5 and 5.5 GHz.
These values decrease when the input frequencies
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Fig. 4. Simulated and experimental output power level for
the first three harmonics versus the input frequency, when
the input power level is equal to -1 dBm (a) and 5 dBm (b).

approach the limits of the frequency bandwidth
extended from 4 to 6 GHz, but they are higher
than 10 dB for both the fundamental and third
harmonics.

The experimental results for the conversion
loss versus the input power level are plotted in
Fig. 5, for the input frequency of 5.6 GHz. From
this figure, minimum values for the conversion
losses are obtained for the input power level
between 5 dBm and 9 dBm, when conversion
losses of less than 1 dB are possible.

Fig. 6 presents frequency variation for the
small-signal input and output magnitudes of
Sjpand S5, . It is observed that good impedance

matching is obtained for input frequencies
between 4 and 6 GHz, as well as for the output
second harmonic between 8 and 12 GHz. The
experimental values for the input and output
return-loss are greater than 10 dB, for the input
frequency range between 4 GHz and 6 GHz.

Conclusions

A frequency doubler based on distributed
amplifier has been characterized experimentally.
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Fig. 5. Experimental conversion loss on the second
harmonic versus the input power level,
for the input frequency of 5.6 GHz.
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Fig. 6. Simulated and experimental input and output
small-signal reflection coefficients.
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For the analyzed frequency doubler, it has been
demonstrated that low spurious output spectrum
is possible if fully-distributed band-pass filters
are used to realize the gate and drain artificial
lines. The experimental output power values on
the first three harmonics show a good agreement
with the simulated ones.

Acknowledgment. The authors thank to
dr. eng. S. Iordanescu from IMT — Bucharest, for
his support concerning the experimental
characteri-zation of the frequency doubler.

References

1 M. Hrobak, M. Sterns, M. Schramm, W. Stein, and
L.-P. Schmidt, “Design
broadband hybrid GaAs Schottky diode frequency
multipliers”, 1EEE Trans. on Microw. Theory
Techn., 61(12), pp. 4442-4460, December 2013.

[2] L. Vera and J. R. Long, “4 DC-100GHz active
frequency doubler with a low-voltage multiplier
core”, IEEE J. of Solid-State circuits, 50 (9), pp.
1963-1973, September 2015.

[3] B. Gilbert, “4 precise four-quadrant multiplier with
nanosecond response”, IEEE J. Solid-State Circuits,
SSC (4), pp. 365-373, December 1968.

and fabrication of

140

V. Puyal, A. Konczykowska, P. Nouet, S. Bernard,
S. Blayac, F. Jorge, M. Riet and J. Godin, “DC-
100-GHz  frequency doublers in InP DHBT
technology”, IEEE Trans. Microw. Theory Techn.,
53 (4), pp. 13381344, April 2005.
A. Y. K. Chen Y. Baeyens, Y.-K. Chen, and J.
Lin, “4 36-80 GHz high gain millimeter-wave
double-balanced active frequency doubler in SiGe
BiCMOS”, Microw. Wireless Compon. Lett., 19
(9), pp. 572-574, September 2009.
S. Simion and G. Bartolucci, “Analysis and design
of a mnew topology for a broadband and Ilow
spurious distributed frequency doubler”, Proc. of
the International Semiconductor Conference, CAS
2016, 10-12 October 2016, Sinaia, Romania,
pp. 59-62.
I. Angelov, H. Zirath, and N. Rorsman, “4 new
empirical nonlinear model for HEMT and MESFET
devices”, IEEE Trans. on Microw. Theory Techn.,
40 (12), pp. 2258-2266, December 1992.
S. Simion and G. Bartolucci, “Design
considerations and  experimental results on
composite  right-/lefi-handed based  distributed
oscillator”, Proc. of the International Conference on
Computer as a Tool, EUROCON 2015, 08-11
September 2015, Salamanca, Spain, pp.1-6.
AWR Microwave Office (MWO) software package
— Applied Wave Research Inc.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


