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Abstract—This paper presents an 8-channel bidirectional
60 GHz beamformer in a SiGe:C 130 nm BiCMOS technol-
ogy, with fT / fmax = 250 / 340 GHz. The beamformer consists
of RF switches, LNAs, PAs, vector modulators, passive di-
viders / combiners and an integrated SPI controller. On wafer
measurements results show that the beamformer has an OP1dB
of 0 dBm in Tx mode and an IP1dB of -26 dBm in Rx mode,
consuming only 550 mW in both operation modes and occupying
a silicon area of 27 mm2.

Index Terms— V-band, beamforming, phased-array.

I. INTRODUCTION

The recent years have witnessed an increasing interest

for the development of high-speed low-cost communication

systems at V-band. A lot of research has been focused in

particular on phased-array systems, either considering receiver

(Rx) and transmitter (Tx) on separated chips [1]–[3] or within

a single one [4]. Such phased-arrays are able to provide high

data-rate beam steering. In [5], 16-QAM modulated data has

been transmitted at a speed of 3.85 Gbps over a distance of

4 m with a scanning angle of ±45◦. All the cited solutions

include an up / down converter together with the beamformer

itself. This means that they translate the signals in frequency

from radio frequency (RF) to baseband (BB) in Rx mode,

and from BB to RF in Tx mode, within the same chip which

performs beamforming. In such a way, the number of channels

is defined on chip and cannot be changed.

A more flexible solution considers the use of bidirectional

beamformers with V-band input and output, without any

internal frequency conversion. In this context finds place the

work introduced in the present paper, where an 8-channel

bidirectional beamformer containing RF switches, low noise

amplifiers (LNAs), power amplifiers (PAs), vector modulators,

passive dividers / combiners and an integrated SPI controller,

is designed and characterized on wafer. Such a beamformer

can be used in complex systems, where multiple beamforming

chips can be connected to a unique up / down converter.

The dividers / combiners for splitting / combining the signals

in the path between up / down converter and beamformers

are intended to be designed on a low cost printed circuit

board (PCB). In this way, the number of beamformers can be

(a) (b)

Fig. 1. Examples of modular beamforming systems: tree (a) and star (b).

chosen and many different systems can be built in a modular

way, designing from time to time only an ad-hoc PCB.

Fig. 1 brings as examples two different architectures which

exploit the modularity given by a bidirectional beamformer.

Such modularity makes a system of this kind exploitable for

different applications, since its main characteristics (power

consumption, overall size, total transmitted power etc.) can

be defined based on the targeted use scaling the number of

used beamformers.

This paper is organized as follows. Section II describes the

overall architecture and, afterward, the details of all the circuit

blocks employed within the beamformer. In Section III the re-

sults of small-signal, large-signal and speed measurements are

reported. Section IV concludes the paper giving a comparison

with the state of the art V-band beamforming systems.

II. CIRCUIT DESIGN

The block diagram of the designed beamformer is shown

in Fig. 2. It consists of three different sub-sections: trans-
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Fig. 2. Beamforming chip block diagram.

Fig. 3. Vector modulator architecture.

mit / receive (T / R) modules, divider / combiner tree and com-

pensation amplifier.

A. T / R modules

The T / R modules consist of different building blocks. Two

single pole double throw (SPDT) switches decide whether the

module works in Tx or in Rx mode. In Rx mode, a variable

gain LNA amplifies in a low noise fashion the received signal,

which is then adjusted in phase and amplitude by a vector

modulator. In Tx mode, the signal is at first phase shifted

and tuned in amplitude by a vector modulator and afterward

transmitted with maximum power through a variable gain

PA. Both LNA and PA are single stage cascode amplifiers.

The vector modulator block shifts in phase and adjusts the

amplitude of the signal at its input exploiting two variable gain

amplifiers (VGAs) connected in quadrature, whose outputs are

summed in a vectorial way, as visible in Fig. 3.

B. Divider / combiner tree

The function of spreading the single V-band signal into the

eight channels in the Tx mode and combine the 8 received

signals into a single one in the Rx mode is enabled by a

three levels divider / combiner tree. Each divider / combiner is a

passive coplanar grounded waveguide (CPW)-based Wilkinson

structure with less than 1 dB losses.

C. Compensation amplifier

The losses introduced by the passive divider / combiner tree

are compensated by a bidirectional variable gain amplifier

here called compensation amplifier. It consists of a two stages

cascode amplifier, where small resistors between collector

and supply improve the stage-to-stage isolation and therefore

the overall stability. SPDT switches as the ones used within

Fig. 4. Beamforming chip photomicrograph.

(a) (b)

Fig. 5. Small-signal power gain along 4 of the 8 channels in both Rx (a) and
Tx (b) mode.

the T / R modules are here reused to make the compensation

amplifier bidirectional.

III. MEASUREMENT RESULTS

The beamforming chip has been manufactured and mea-

sured, and its chip photomicrograph is here depicted in Fig. 4.

In order to be tested, its DC pads have been wire-bonded to

a test board, while its RF pads have been contacted using on-

wafer probes. The chip has then been characterized looking

at its small and large signal behavior. The gains of all the

amplifiers have been controlled through the SPI interface. The

speed of the switches has also been tested through time domain

measurements.

A. Small-signal measurements

The measured small-signal power gain in Rx and Tx mode

is shown in Fig. 5 for four of the eight channels. The same

gain is shown in Fig. 6 and Fig. 7, where LNA and PA gain

and compensation amplifier gain have been swept respectively.

A peak gain of 9.8 dB in Rx mode and 7.8 dB in Tx mode has

been reached in all the channels. The gain of the chain can

be controlled within more than 40 dB. Fig. 8 shows the polar

plots obtained varying the vector modulator state in both Rx

and Tx mode. From such polar plots it can be noticed how a

complete 2π phase rotation has been obtained.
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(a) (b)

Fig. 6. Small-signal power gain sweeping LNA gain in Rx mode (a) and PA
gain in Tx mode (b).

(a) (b)

Fig. 7. Small-signal power gain varying the compensation amplifier gain in
both Rx (a) and Tx (b) mode.

B. Large-signal measurements

The input power has been swept in both Rx and Tx mode

in order to obtain the 1 dB compression point (P1dB) of the

system. These results are reported in Fig. 9. In Rx mode an

input P1dB (IP1dB) of -26 dBm has been achieved, while the

output P1dB (OP1dB) measured in Tx mode is 0 dBm.

C. Speed measurements

Both operation mode and vector modulator state can be

controlled directly from dedicated control signals without

passing through the SPI. Both output and control signal have

been monitored using an oscilloscope, in such a way that the

delay between them gives an upper limit for the transition

time. By performing this kind of measurements, it has been

seen how in order to switch fully from Rx to Tx mode and vice

versa the system needs less than 40 ns, while the transition

between two different vector modulator states requires less

than 15 ns. Such a speed makes the chip suitable for time-

division multiplexing in multi-user scenarios.

IV. CONCLUSION

In this paper an 8-channel bidirectional 60 GHz beamformer

in a SiGe:C 130 nm BiCMOS technology has been presented.

The measurement results are summarized and compared with

the state of the art in Table I. Occupying an area of 27 mm2 and

consuming a DC power of 550 mW in both operation modes,

the beamformer performance is comparable to the state of the

art. The fine controllability of both amplitude and phase of

the treated signal gives to the circuit a high configurability

degree and allows to performs accurate calibrations. The

full bidirectionality of the beamformer makes it suitable for

different flexible modular solutions within massive arrays with

large number of antennas.

(a) (b)

Fig. 8. Polar plot of the power gain in both Rx (a) and Tx (b) mode at a
frequency of 62 GHz.

(a) (b)

Fig. 9. Power gain versus input power in both Rx (a) and Tx (b) mode,
measured at 63 GHz and 62 GHz respectively.

TABLE I
COMPARISON OF V-BAND BEAMFORMING SYSTEMS.

[4] [1] [2], [3] This Work

Technology
90 nm 65 nm 120 nm 130 nm

CMOS CMOS SiGe SiGe

Number of channels 32 32 Tx / 4 Rx 16 8

Rx IP1dB [dBm] -28 — -37 -26

Tx OP1dB [dBm] -3.5 9 9.3 0

Rx PDC [W] 0.85 0.71 1.8 0.55

Tx PDC [W] 1.2 1.82 3.8 0.55

Area [mm2] 29
72.7 Source 43.9 Tx

27
77.2 Sink 37.7 Rx

Integration level

U / D Conv. U / D Conv. U / D Conv.

Synthesizer Synthesizer Synthesizer Beam

Beam Beam Beam former

former former former

Bidirectionality Yes No No Yes

V. ACKNOWLEDGMENTS

This work has been partially funded by the German Federal

Ministry of Education and Research (BMBF) as part of the

research project proWiLAN under grant number 16KIS0245.

The responsibility for this publication lies with the authors.

REFERENCES

[1] S. Emami, R. F. Wiser, E. Ali, M. G. Forbes, M. Q. Gordon, X. Guan,
S. Lo, P. T. McElwee, J. Parker, J. R. Tani, J. M. Gilbert, and C. H. Doan,
“A 60 GHz CMOS phased-array transceiver pair for multi-Gb/s wireless
communications,” in IEEE International Solid-State Circuits Conference,
Feb 2011, pp. 164–166.

[2] A. Natarajan, S. K. Reynolds, M. D. Tsai, S. T. Nicolson, J. H. C. Zhan,
D. G. Kam, D. Liu, Y. L. O. Huang, A. Valdes-Garcia, and B. A. Floyd, “A
fully-integrated 16-element phased-array receiver in SiGe BiCMOS for
60-GHz communications,” IEEE Journal of Solid-State Circuits, vol. 46,
no. 5, pp. 1059–1075, May 2011.

978-1-5090-6360-4/17/$31.00 ©2017 IEEE1604



[3] A. Valdes-Garcia, S. T. Nicolson, J. W. Lai, A. Natarajan, P. Y. Chen,
S. K. Reynolds, J. H. C. Zhan, D. G. Kam, D. Liu, and B. Floyd, “A
fully integrated 16-element phased-array transmitter in SiGe BiCMOS for
60 GHz communications,” IEEE Journal of Solid-State Circuits, vol. 45,
no. 12, pp. 2757–2773, Dec 2010.

[4] E. Cohen, M. Ruberto, M. Cohen, O. Degani, S. Ravid, and D. Ritter,
“A CMOS bidirectional 32-element phased-array transceiver at 60 GHz
with LTCC antenna,” IEEE Transactions on Microwave Theory and
Techniques, vol. 61, no. 3, pp. 1359–1375, March 2013.

[5] S. Zihir and G. M. Rebeiz, “A 60 GHz 64-element phased-array beam-
pointing communication system for 5G 100 meter links up to 2 Gbps,” in
MTT-S International Microwave Symposium (IMS), May 2016, pp. 1–3.

978-1-5090-6360-4/17/$31.00 ©2017 IEEE1605



<<
  /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


