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Recently, several integrated radio receivers and transmitters oper-
ating at 60GHz have been developed in SiGe BiCMOS [1] and
CMOS [2-4] technologies, by both industry and academia. As
CMOS transistor gate lengths continue to scale downward, inte-
gration becomes possible at even higher frequencies. This paper
presents a fully integrated receiver, with LNA, mixer, IF amplifi-
er, fundamental-frequency quadrature VCO, and static frequency
divider, operating at 95GHz in a 65nm general-purpose (GP)
CMOS technology. The receiver consumes 206mW from a
1.2V/1.5V supply. With large RF and IF bandwidths of over 19GHz
and 16GHz, respectively, it is suitable for passive-imaging applica-
tions, and for wireless chip-to-chip communication at data-rates
exceeding 20Gb/s. Together with the recently reported 60GHz
receiver in 90nm CMOS [4], this 95GHz receiver in 65nm CMOS
demonstrates that scaling of entire mm-wave receivers is possible
in both frequency coverage and across technology nodes, as pre-
dicted by Gordon Moore in the last paragraph of [5]. Furthermore,
with the reduction of the die area occupied by lumped passives at
higher frequencies, and with the intrinsic speed improvement
anticipated in future CMOS technology nodes, one can expect that
entire CMOS transceivers can be scaled to 120GHz in 45nm, and
to 160GHz in 32nm technologies, and can be integrated with
antennas and other systems as wireless I/Os for chip-to-chip com-
munication at 40Gb/s.

The architecture of the fabricated receiver is illustrated in Fig.
9.1.1. It uses an improved version of a shunt-series transformer-
feedback 3-stage cascode LNA with a measured peak gain of 13dB
and noise figure of 6 to 7dB [6]. The LNA is coupled to a double-
balanced Gilbert-cell mixer through transformer T1 which per-
forms single-ended to differential conversion. The insertion loss of
the transformer, measured on a separate test structure, is 1.7dB in
the 57-to-94GHz range. A differential CML pair with 50Ω loads is
used as the broadband IF amplifier. The LO signal is fed to the
mixer using short transmission lines and transformer T2. A static-
frequency divider [7] is connected to the VCO to demonstrate the
feasibility of a robust integrated 90GHz PLL. Due to space limita-
tions, only one of the two divider outputs is made available for test-
ing, and the other is terminated on-chip. A fundamental-frequency
quadrature VCO, whose schematic is shown in Fig. 9.1.2, is used
to generate the LO signals on-chip. The differentially tuned VCO
is composed of 4 symmetrically coupled Colpitts oscillators. An RC
filter is used in the VCO bias network to minimize the injection of
supply noise, and thus prevent the degradation of the VCO phase
noise. Four buffers, also shown in Fig. 9.1.2, are used to increase
the output power of the VCO, and to differentially drive the mixer
on one side, and the divider on the opposite side. Each of the VCO
buffers is implemented as a single-stage common-source amplifier,
which is matched to 50Ω at the output. A differential buffer topol-
ogy with common-mode current source is avoided in order to sup-
press common-mode instabilities and to maximize the gain. The
LNA, mixer, and IF amplifier, employing topologies with two ver-
tically stacked transistors, are designed to operate from 1.5V sup-
ply. The VCO and static frequency divider operate from a nominal
supply of 1.2V.

The entire receiver, along with several breakouts, is fabricated in
a 65nm GP CMOS technology, with 7 metal copper backend. An fT

and fMAX of 170GHz and 250GHz are measured for devices with a
1μm gate finger width contacted on one side of the gate and biased
at a VDS of 0.7V. To overcome the problem of integrating the receiv-
er blocks together, without degrading their performance, ample
ground metallization and vias are used everywhere to minimize
parasitic source degeneration and gate resistances. Metal-over-

metal (MOM) capacitors of 0.5pF are placed close to each circuit
block to provide local ground and supply decoupling. A dense alter-
nating-metal mesh is used for ground, bias, and power-supply dis-
tribution and decoupling. The mesh is designed to simultaneously
meet the stringent metal-density manufacturing rules. The receiv-
er is measured on-wafer and characterized over temperature from
25°C up to 100°C.

Figure 9.1.3 shows the tuning range and output power of the quad-
rature VCO over temperature, measured on a breakout of the
VCO, which includes all buffers and the divider. The VCO can be
tuned from 88.3GHz to 91.3GHz, irrespective of temperature. The
tuning range remains constant over a wide range of temperatures
thanks to the Colpitts topology, the use of lumped inductors, MOM
capacitor C1, and accumulation-mode MOS varactors, whose
inductance and capacitance depend mostly on the metallization
characteristics and dielectric permittivity, which hardly vary over
temperature. The total output power of the VCO with four buffers
is +2 to +3dBm in 50Ω at 25°C. The VCO achieves a phase noise of
−95dBc/Hz at 1MHz offset from the 90.3GHz signal. The single-
side-band (SSB) conversion gain, measured using a spectrum ana-
lyzer, is plotted in Fig. 9.1.4, along with the input return loss of the
receiver. At the nominal supply voltage of 1.5V for the LNA, mixer,
and IF amplifier, and 1.2V for the VCO and divider, the peak gain
is 12.5dB and the 3dB bandwidth of the receiver is 19GHz, from 76
to 95GHz. In the receiver, the gain of the mixer compensates for
the losses of the transformers that couple the LNA and VCO to the
mixer. The S11 of the receiver (measured on the LNA breakout) is
lower than −15dB from 77GHz up to at least 94GHz. Figure 9.1.5
illustrates the double-side-band (DSB) noise figure and gain of the
receiver, plotted versus the current density in the first stage of the
LNA at 3 temperatures. The optimal bias current density for low-
est noise figure is 0.25mA/μm. In Fig. 9.1.6, the DSB noise figure
and conversion gain, measured using an Agilent N8975A noise-fig-
ure analyzer and a 75-to-110GHz ELVA noise source, are plotted
versus the IF frequency for different supply voltages of the LNA,
mixer, and IF amplifier, and up to 100°C with the nominal 1.5V
supply. The DSB noise figure is 7 to 8dB for the nominal bias and
temperature, and increases by 2.2dB at 75°C. All components of
the receiver are verified to work from 25°C up to 100°C, except the
divider, which divided the VCO signal only up to 50°C. The input
1dB compression point of the receiver was measured to be
−18dBm. The total DC power consumption of the receiver is
206mW from the nominal 1.2V (for the VCO and divider) and 1.5V
(for the LNA, mixer and IF amplifier) supplies, with 28% of the
power in the VCO, 17% in the LNA, 11% in the divider, and 6.5%
in the mixer. A die micrograph of the receiver chip is shown in Fig.
9.1.7, demonstrating that a small active circuit area of
225×940μm2 is achieved by using only lumped transformers,
inductors and capacitors in the design. 
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Figure 9.1.1: Top-level block diagram of the receiver chip.
Figure 9.1.2: Quadrature VCO and VCO buffer schematics. All transistors and
varactors use 65nm gate length.

Figure 9.1.3: Measured tuning range, output power, and phase noise of the
VCO with output buffers.

Figure 9.1.5: Measured receiver conversion gain and NF variation with the
current density of the LNA input transistor (LO=89GHz and IF=6.3GHz DSB).

Figure 9.1.6: Receiver gain and NF versus IF, for (a) different LNA, mixer and
IF amplifier supplies, and (b) at different temperatures for the nominal supply
(LO=89GHz).

Figure 9.1.4: Measured SSB receiver conversion gain and S11 versus RF.
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Figure 9.1.7: Receiver die micrograph. The pad-limited chip size is
600×1100µm2.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (North America Prepress)
  /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 false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /None
  /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


