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• Motivation

• Why is the 60 GHz band so Attractive?

• Technologies for 60 GHz Applications

• 60 GHz Transceiver Building Blocks issues

• 3-D Opportunity

• Preliminary timeline

• Summary
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MOTIVATION
The two multi-purpose experiments ATLAS and CMS 
consists of  several million channels and the amount of  
data that can be transferred from the highly granular 
tracking detectors is today limited by the available:

• Bandwidth

which again is limited by

• Power budget
• Mass
• Space

Ruprecht Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011

Can the 60 GHz band be the solution?
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Why is The 60 GHz Band 
so attractive ?

 The mm-wave frequency range is very attractive for various  
 applications for a number of  reasons:

•    Data rates and bandwidth are never enough
•    Uncompressed  video of  high definition multimedia interface (HDMI)(2Gb/s)
•    High speed file transfer among electronic devices and laptops
•    Fast movie or video game down load from kiosk
•    And now the High Energy Physics area

Ruprecht Karls Universität Heidelberg.   Hans K. Soltveit April 23, 2010 Slide 6
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Information Showers
The future: Showering 
of information

Mounted on ceilings, 
walls, doorways, 
roadside 

Massive data streaming 
while walking or driving

Roadside markers can 
provide safety 
information, navigation, 
or even ads 
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In 2001, the Federal Communications Commission (FCC) allocated 
7 GHz in the 57-64 GHz band for unlicensed use world wide.
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MOTIVATION

• Offers Wireless unlicensed spectrum of  7 GHz
       bandwidth available world-wide. 
• Largely unused today (low interference probability)
• 60 GHz does not penetrate walls (security)
• Able to send Gigabits/s of  information over local area  

      (about 10m)
• Inherent atmospheric attenuation near 60 GHz, due to

      oxygen absorption
• High transmit power. 40 dBm EIRP (Effective Isotropic

       Radiated Power) allowed in most regions.

Ruprecht Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011

A solution to this challenge could be the use of  the 
MilliMeter Wave (MM-Wave) technology at 60 GHz
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MOTIVATION

• Traditional transceiver circuits in 60 GHz 
       implementations exist
• Recent improvements in Silicon based Technologies
• Small component size
• Allow for integration of  antenna(s)
• Flexibility of  placement
• Do not need cables

Ruprecht Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011
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Channel performance

•  High loss from the Friis equation

Power loss in open area: 

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit

The main challenges for a 60 GHz channel is as follows:

PowerRX =
PowerTX ⋅GainTX ⋅C

2
Distance⋅Frequency
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• Multipath and fading

Lp = 20 log(4πR λ) dB[ ]
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32 High Frequency Electronics

New wireless applications are being developed at
the high end of the microwave region, where mm-
wavelengths provide the means for wider band-

widths (and higher data rates) and offer new capabilities
for sensors and imaging. Implementing mm-wave cir-
cuits and systems presents engineering challenges that
do not exist at lower frequencies, due to both the physi-
cal dimensions defined by the wavelength, and device
properties that are at the boundary of electronic and
photonic behaviors.

In this report, we have collected news reports and
other notes about mm-wave technology and its uses. The
diversity of work illustrates the potential of mm-waves
for present and future applications.

60 GHz Development Work at IBM
The 60-GHz research group at IBM describes many

potential applications for a band that offers ample
license-free bandwidth. In the US, the range from 57 to
64 GHz is available, while in Japan, 59 to 66 GHz is
available. With 7 GHz of bandwidth, there are many high
data rate applications one can envision.

Wireless Personal Area Networks—60 GHz is ideally
suited for high data rate personal area network (PAN)
applications. A 60-GHz link could be used to replace var-
ious cables used in the office or home, including gigabit
Ethernet (1000 Mbps), USB 2.0 (480 Mb/s), or IEEE 1394
(~800 Mb/s). Currently, the data rates of these connec-
tions have precluded wireless links, since they require so
much bandwidth. The intended range of wireless PANs is
ten meters or less, which covers the size of most offices,
medium-size conference rooms, and rooms in the home.
Wireless PANs could provide data transfer between var-
ious electronic devices, including laptops, cameras,
PDAs, and monitors. Applications include wireless dis-
plays, wireless docking stations, and wireless streaming
of data from one device to the other.

Wireless HDMI—The High-Definition Multimedia
Interface (HDMI) appears be the preferred interface for
high-definition TVs. This cable provides both video and
audio information. Depending on the resolution of the
display, the data rates required for an uncompressed
HDMI signal can be substantial. The key advantage of
60-GHz is the ability to provide wireless, secure, and
uncompressed high-definition video distribution.

Wireless interconnection allows the display to be
located away from the information or programming
source, which could change the way tuners, cable boxes,

recording devices and displays are designed and used. A
wireless monitor could be mounted like a picture frame
on a wall, across the room from the off-air or satellite
receiver, disk player, or other program sources.

Security is provided at 60-GHz due to the atmospher-
ic and material properties at this frequency. Over long
ranges, there is significant signal loss due to oxygen
absorption. There is also significant attenuation through
walls. These two facts prevent the HDTV signal from
leaking into adjacent rooms and residences.

Point-to-Point Communication Links—Point-to-point
links are used today for telecommunications backhaul
from many cell sites to network switching centers. They
employ high-gain antennas to increase the range of the
link, and the electronic components are mainly imple-
mented in III-V technologies. Silicon circuits, such as
those being developed at IBM, promise to reduce the cost
of system hardware, though the bulk of the system cost
will still be installation on towers.

One drawback of 60-GHz for point-to-point communi-
cations is the oxygen absorption (~10 dB/km at sea
level), which begins to play a role at distances as little as
100 m. Additionally, rainfall, fog and foliage adds addi-
tional attenuation (another ~5 dB/km for 1/2 inch per
hour rainfall). Fortunately, at these short wavelengths,
high gain antennas are not physically large, which helps
to overcome these atmospheric effects.

IBM is also studying licensed E-band point-to-point
communications. In the US, bands have been set aside at

TECHNOLOGY REPORT

Recent Developments in 
mm-Wave Technology 
and Applications

mm-wave atmospheric propagation characteristics
include several molecular absorption frequencies.

From May 2009 High Frequency Electronics
Copyright © 2009 Summit Technical Media, LLC

Channel performance 
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Figure 1.3 Shannon’s capacity curve in a 1 GHz occupied bandwidth for 60 GHz versus UWB (noise
figure is set at 8 dB) [5]

In the search for the provision of higher data rates, radio systems have tended to look at
higher frequencies where an unregulated spectrum is available. As an alternative, a (free space)
wireless optical LAN also competes as one of the communication technologies that are able
to offer a significant unregulated spectrum. Diffuse optical networks use wide- angle sources
and scatter from surfaces in the room to provide optical ‘ether’ similar to that which would be
obtained using a local radio transmitter [7]. This produces coverage that is robust to blocking,
but the multiple paths between the source and receiver cause dispersion of the channel, thus
limiting its performance. Additionally optical transmitters launch extremely high power, and
dynamic equalisation is required for high bandwidth operation.

Optical networks have the potential to offer significant advantages over radio approaches,
within buildings or in spaces with limited coverage. Many current systems use directed line-
of-sight paths between transmitter and receiver [8]. These can provide data rates of hundreds
of megabits per second and above, depending on particular parameters. However, the coverage
area provided by a single channel can be quite small, so that providing area coverage, and the
ability to roam, presents a major challenge. Line-of-sight channels can also be blocked, as
there is no alternative scattered path between the transmitter and receiver, and this presents a
major challenge in network design [7]. Multiple-base stations within a room would provide
coverage in this case, and optical or fixed connections could be used between the stations.
A commercial line-of-sight system is currently offered by Victor Company of Japan, Limited
(JVC), giving 10 Mb/s Ethernet connections [9].

In general, optical channels are subject to eye safety regulation, which is difficult to meet,
particularly for line-of-sight channels [7]. Typically optical LANS work in the near- infrared
region (between 700 and 1000 nm) where optical sources and detectors are low cost and
regulations are particularly strict. At longer wavelengths (1500 nm and above) the regulations
are much less stringent, although sources at this wavelength and power output are not widely
available [10].

Shannon’s theorem 

Wuppertal 14-15 Feb. 2011

Oxygen attenuation

To support Multi-gigabits/s data transfer, the channel need 
large bandwidth B and large allowable signal power S.

C=Blog2(1+
S
N )
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• Lossy/conductive substrate       poor isolation and lower Q  
   components

• High dielectric constant 

• Eddy current and skin-depth (Ohmic loss) effect.

• For on-chip antenna, considerable portion of  the electromagnetic  
  energy would be sucked into the substrate.

• Thin gate oxide and low carrier mobility constant

•  Low breakdown voltage

• Difficult to deliver high output power (low supply and  
      break-down voltage).

• LNA, PA and VCO’s difficult to design

• Benefits of  using CMOS technology lies in the existing infrastructure

Key Challenges for (CMOS)
 Millimeter-Wave Design

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit

For the circuit designer, using CMOS to design millimeter wave circuits are extremely challenging

εr =11.7

Wuppertal 14-15 Feb. 2011
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Important advantages SiGe HBT 
has over CMOS 

•  For equal performance, SiGe requires less aggressive lit.(2gen.)
•  130 nm SiGe cost less than 65 nm CMOS
•  Higher BV at fixed performance 
•  gm/um^2 is much larger for SiGe HBTs (need big MOSFETs for  
    high fmax)
•  Noise
•  Modeling of  SiGe HBTs is easier for high frequency design 
   (first time pass)
•  Strength: Offer advantages of  both conventional silicon bipolar
    and silicon CMOS. Not possible for other technologies.
•  Have built-in total dose radiation hardness (ATLAS ?)

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011
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60 GHz Transceiver System

Wuppertal 14-15 Feb. 2011Ruprecht Karls Universität Heidelberg.   Hans K. Soltveit

Transmitter

Receiver

Transmitter:
• Deliver necessary output power
• High power efficiency
• High gain and stability

Receiver:
• Need aggressive LNA
• Balance gain, linearity 
   and NF
• Low Power Dissipation

Monday, February 14, 2011
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Why ON-Chip Antennas?
•  Millimeter-Wave signals have small wavelengths at 60 GHz (5mm)

• Possible to integrate receive and transmit antenna(s) on-chip. 

•  High directivity is desired to improve S/N-ratio, reduce power

    consumption and to reduce inter-use interference.

•  High dielectric constant in Silicon (11.7)

•  Multiple metal layers on ICs available

• Can be used to fabricate mm-wave antennas.

•  Eliminate cable/connectors loss

• No need for high-frequency electrostatic discharge protection.
• Save PCB real estate 
• Reduce fabrication costs

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011

ON-Chip antennas fabricated in standard CMOS technology with 
no changes to the process steps appear to suffer from a low efficiency.
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Low Noise Amplifier issues

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011
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• Power dissipation 
• Noise Figure  
• Linearity
• Stability
• Impedance matching
• Power gain
• Bandwidth
• Insensitive to process variation

Three Fundamental differences compared to the lower frequency 
colleague:
1. Transistors operate much closer to their cut-off  frequency
2. Parasitic elements represent a much larger portion of  the total impedance
3. Signals with small wavelengths results in distributed effects within the 
     circuit

Monday, February 14, 2011
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Power Amplifier issues

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011

• Multi-stage amplifiers
• Initial stages are optimized for gain
• Last stage for maximum output power

• Technology
• Supply voltage
• Substrate
• Breakdown voltage
• Ft

• Thermal conductivity

Monday, February 14, 2011
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Mixer issues
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• Double-balanced Gilbert cell for LO-RF leakage
• Design strategy: minimize noise, maximize linearity
• CM inductor for noise and headroom
• Middle inductors increase gain and reduce noise
• Interdigitated diff-pair layout sharing well

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011
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Transmission lines and Inductance
issues
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Loss Mechanisms

• Microstrip

• Higher effective permittivity (eff), which leads to  
       smaller dimensions.

• Lower conductive loss than CPW and CPWG

• CPW (CoPlanar Wave)

• Less electric field penetration into substrate.
• Eliminates electric field penetration.
• Improves isolation between adjacent lines.
• Easier to realize differential topologies.
• The two grounds must be forced to same potential.

Wuppertal 14-15 Feb. 2011
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Modulation scheme

•   Amplitude shift key modulation(ASK)
•   Frequency shift key modulation (FSK)
•   Binary-phase shift key (BPSK)
•   Quadrature-Phase Shift Key (QPSK)
•   Quadrature Amplitude Modulation  
    (QAM)
•   On-Off  Keying (OOK)

17 Wuppertal 14-15 Feb. 2011Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit

Compare the bandwidth efficiency when using 256QAM versus BPSK
modulation in the radio example in section 3.1.1 (which uses an eight-bit
sampler sampling at 10 kHz for voice). BPSK uses 80 Ksymbols-per-second
sending 1 bit per symbol. A system using 256QAM sends eight bits per
symbol so the symbol rate would be 10 Ksymbols per second. A 256QAM
system enables the same amount of information to be sent as BPSK using
only one eighth of the bandwidth. It is eight times more bandwidth 
efficient. However, there is a tradeoff. The radio becomes more complex 
and is more susceptible to errors caused by noise and distortion. Error 
rates of higher-order QAM systems such as this degrade more rapidly than
QPSK as noise or interference is introduced. A measure of this degradation
would be a higher Bit Error Rate (BER). 

In any digital modulation system, if the input signal is distorted or severe-
ly attenuated  the receiver will eventually lose symbol lock completely. If
the receiver can no longer recover the symbol clock, it cannot demodulate
the signal or recover any information. With less degradation, the symbol
clock can be recovered, but it is noisy, and the symbol locations themselves
are noisy. In some cases, a symbol will fall far enough away from its
intended position that it will cross over to an adjacent position. The I and
Q level detectors used in the demodulator would misinterpret such a
symbol as being in the wrong location, causing bit errors. QPSK is not as
efficient, but the states are much farther apart and the system can 
tolerate a lot more noise before suffering symbol errors. QPSK has no
intermediate states between the four corner-symbol locations so there is
less opportunity for the demodulator to misinterpret symbols. QPSK
requires less transmitter power than QAM to achieve the same bit error
rate.

3.6   Theoretical bandwidth efficiency limits
Bandwidth efficiency describes how efficiently the allocated bandwidth is
utilized or the ability of a modulation scheme to accommodate data, within
a limited bandwidth. This table shows the theoretical bandwidth efficiency
limits for the main modulation types. Note that these figures cannot 
actually be achieved in practical radios since they require perfect 
modulators, demodulators, filter and transmission paths. 

If the radio had a perfect (rectangular in the frequency domain) filter, then
the occupied  bandwidth could be made equal to the symbol rate. 

Techniques for maximizing spectral efficiency include the following:

•  Relate the data rate to the frequency shift (as in GSM).
•  Use premodulation filtering to reduce the occupied bandwidth. 

Raised cosine filters, as used in NADC, PDC, and PHS give the 
best spectral efficiency. 

•  Restrict the types of transitions.

17

Modulation  Theoretical bandwidth 
format efficiency limits 

MSK 1 bit/second/Hz 
BPSK 1 bit/second/Hz 
QPSK 2 bits/second/Hz 
8PSK 3 bits/second/Hz 
16 QAM 4 bits/second/Hz 
32 QAM 5 bits/second/Hz 
64 QAM 6 bits/second/Hz 
256 QAM 8 bits/second/Hz 

• The purpose digital modulation is to  convert  an information   
  bearing discrete-time symbol sequence into an continuous-time
  waveform.
•  Key concerns are bandwidth efficiency, power efficiency and  
   implementation complexity .
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to inter-symbol and inter-channel interference.
CDMA can be used as a multiple access

scheme at baseband (without modulating an RF
carrier), achieving simultaneous communication
between multiple units. Figure 5 shows a chip
that uses CDMA modulation on a carrier fre-
quency of 5 GHz [9]. One advantage of this
approach is the smaller signal propagation laten-
cy (speed of light limited instead of RC). Anoth-
er advantage is in the data rate. Because a

carrier frequency is used, frequency dispersion is
less significant and higher modulation frequency
can be used. Moreover, if more carrier frequen-
cies are implemented, the aggregate date rate
can be further increased using FDMA.

3D CHIPS OPEN NEW POSSIBILITIES
One of the current technological trends in CMOS
processes is 3D stacking. In this trend, several
thin tiers of transistors and wires are stacked ver-
tically to achieve a higher level of integration.
Due to vertical integration, the same functionali-
ty can be implemented in a smaller chip area,
reducing both cost and the distance signals
required to travel across the chip. Reduced dis-
tance decreases both transmission latency and
the consumed energy. However, 3D stacking
requires vertical connection between transistor
and metal tiers, usually implemented using metal
studs that cut through layers of silicon and insu-
lators. Alignment of such direct connections is
difficult on a large scale and therefore requires a
relatively large connection area.

The use of RF signaling has an advantage over
standard voltage signaling for inter-layer commu-
nication. Because the signal is modulated on a
high-frequency carrier, it does not require a direct
connection, and capacitive or inductive coupling is
enough for transmission. Figure 6a shows a
schematic view of a fabricated 3D integrated cir-
cuit demonstrating an RF interconnect using
capacitive coupling, with the photograph of the
actual die shown in Fig. 6b. In this circuit [10], an
amplitude shift keying (ASK) modulation of a
25GHz carrier is used so that recovery of the data
requires only an envelope detector. Metal layers in
each of the tiers are used to form capacitors with
values of tens of femtofarads that are sufficient for
effective coupling. This realized RF interconnect
achieves a maximum data rate of 11 Gb/s per wire
and a very low bit error rate (BER) of 10–14 mea-
sured at about 8 Gb/s. The use of small capacitors
for coupling has an advantage over on-chip induc-
tors or antennas due to the better field confine-
ment that reduces cross-talk and interference
between different links. Using a high frequency
carrier wave would reduce interference with other
baseband circuits or logic operating at much lower
frequency. If interconnect density is high, more
shielded types of transmission lines, such as
striplines, should be considered.

FUTURE PROSPECTS
What does the future hold for RF circuits and
techniques in the digital CMOS world?

One possible direction is the integration of
FDMA and CDMA advantages into transceivers,
creating multi-carrier CDMA (MC-CDMA). In
these on-board or on-chip networks, data will be
both coded and up-converted to higher carrier
frequencies to enjoy both ultra-high aggregate
data rates (reaching hundreds of Gb/s per wire)
and a high level of re-configurability.

Another direction that awaits implementation
is the application of RF interconnects to on-chip
networks. With the number of on-chip cores and
memory caches increasing, the communication
between them will be a bottleneck. Using a

! Figure 5. Schematic view (left) and chip photograph (right) of on-chip
CDMA RF interconnect demonstrator.
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! Figure 6. RF interconnect prototype implemented in a 3D 0.18 µm CMOS
process: a) schematic view; b) chip photograph.

INPUT

TransmitterCoupling
Capacitor

Tier N+1

Tier N

BufferASK signal
ASK

modulator

Envelope
detector

Buffer

Receiver

Sense Amp

(a)

Coupling
capacitor

TX in
layer 2

RX in
layer 1

(b)

OUTPUT

SOCHER LAYOUT  7/19/07  12:09 PM  Page 110

3D Chips Opens Up New 
Possibilities

• RF signaling has an advantage over standard voltage signaling 
  for inter-layer communication. 
  This due the signal is modulated on a high-
  frequency carrier, it does not requirer a 
  direct connection, and capacitive or 
  inductive coupling is enough for transmission.
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Why 3D stacking ?
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•  Move from horizontal 2-D chip layouts to 3-D chip stacking.
•  Increased performance - Outscaling Moores’s law(More than  
    Moore).
•  Decreasing system risk.

• E.g. Stacking a 130 nm analog die with a 45 nm digital die, rather  
       then trying to build a 45 nm mixed signal SOC.
•  Reducing cost: at some point, 3-D integration will be cheaper than  
    shrinking further the 2-D design.

•  Moving passives onto interposer
•  Capacitors, inductors
•  potential for 20% area savings

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit
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•   Reduce the size of  the overall chip package.
•  Boost the speed at which the data flows among the 
   functions of  the chip.
•  Uses Through-Silicon Vias (TSV), which are vertical  
   connection etched through the silicon wafer and filled with  
   metal. No wires between the chips.
•  Shortens the distance information on a chip needs to  
    travel by 1000  times compared to a 2-D chip wire bonds 
    that are less efficient at transferring signals off  of  the    
    chip. 

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit

Monday, February 14, 2011
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Next steps

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit

Define and specify the Chip
•  Standard (antenna off-chip)
•  Power consumption
•  Frequency range
•  Data rate
•  Protocol
•  Analyse test tools and instrumentation needs
•  Cost
•  Link budget (form factor, cost and power 

       consumption constraints) 

Wuppertal 14-15 Feb. 2011

Monday, February 14, 2011
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Preliminary Timeline 

•  Expect 2-3 years of  development time
•  VCO/PLL design has already started,  planned finished  
   2011
• LNA and PA starts in March, planned finished end 2011
• Modulation scheme starts early 2012 and finish 2012 
• First prototype planned early/middle 2013

Monday, February 14, 2011
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Summary

•  The 60 GHz band has very interesting features that
    makes it a candidate for readout of  the fast-tracker.
•  There are several challenges to integration of  mm-wave
    systems on a silicon substrate in spite of  its numerous
    advantages
•  SiGe and CMOS has shown that highly integrate products  
    are possible. SiGe HBT are chosen as the technology.
• 3-D integration opens up new possibilities that can 
   potentially remove the drawbacks of  the 2D solution.

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit Wuppertal 14-15 Feb. 2011

Monday, February 14, 2011
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Backup
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Parameter SiGe HBT Si BJT Si CMOS III-V 
MESFET

III-V 
HEMT

Ft High High High High Best

Fmax High High High High High

Linearity Better Good Best - -
Vbe (or VT) 

tracking Good Good Poor - -

1/f-Noise Good Good Poor - -
Broadband noise High Good Poor High Best

Early voltage Good OK Poor - -
Transconductance Good Good Poor - -
CMOS integration Best Best Better Poor Poor

IC Cost OK OK Best Poor Poor

Ruprecht-Karls Universität Heidelberg.   Hans K. Soltveit

Summary of the Technology
challenges

Wuppertal 14-15 Feb. 2011
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