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Abstract

Rapid proliferation of wireless communication devices #mel emergence of a variety of new applications have
triggered investigations into next-generation mobileddfmand systems, i.e., 5G. Legacy 2G-4G systems covering
large areas were envisioned to serve both indoor and outtodronments. However, in the 5G-era, 80% of overall
traffic is expected to be generated in indoors. Hence, theruapproach of macro-cell mobile network, where there
is no differentiation between indoors and outdoors, needsetreconsidered. We envision 60 GHz mmWave picocell
architecture to support high-speed indoor and hotspot ammuations. We envisage the 5G indoor network as a
combination of-, and interplay between, 2.4/5 GHz havingush coverage and 60 GHz links offering high datarate.
This requires an intelligent coordination and cooperatidfe propose 60 GHz picocellular network architecture,
called CogCell, leveraging the ubiquitous WiFi. We propaéseuse 60 GHz for the data plane and 2.4/5GHz for
the control plane. The hybrid network architecture considan opportunistic fall-back to 2.4/5GHz in case of poor
connectivity in the 60 GHz domain. Further, to avoid the éret re-beamforming in 60 GHz directional links due to
mobility, we propose a cognitive module — a sensor-assistetligent beam switching procedure — which reduces the
communication overhead. We believe that the CogCell caneéphelp future indoor communications and possibly
outdoor hotspots, where mobile stations and access paitiéborate with each other to improve the user experience.

I. INTRODUCTION

The unprecedented but anticipated massive growth of matzita traffic is posing many challenges for 5G
communication systems. 5G networks aim to achieve ubigsitbmmunication between anybody and anything,
anywhere and at anytime. The performance requirementsaarbefyond what is offered by current systems —
in particular a 1000x increase in network capacity is tadetAll this requires new network architecture and
technologies. Moreover new spectrum will be needed. Fomgig millimeter wave (mmWave) communication
requires very different approaches for PHY, MAC and netwlagfers. The general consensus among researchers
and industry is that 5G will not be a mere incremental evolutdf 4G [1]. However, 2G — 4G will have to be
integrated with the new technologies to ensure the supgdegacy systems.

Fig.[d shows 5G communication scenario, where multiplearadtess technologies (RATS), i.e., 60 GHz Wireless
Local Area Networks (WLAN), 2.4/5GHz WiFi, 28-30 or 38-40 @kbutdoor mmWave base stations (BSs) and
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Fig. 1. A 5G scenario with multiple radio access technolegie

macro & femto cell BSs are present. For efficient spectrurization, multiple licensed as well as unlicensed
bands will need to work in cohesion for different applicasommWave based mobile communication (28-32 and
38-42 GHz spectrum) and WLANs at 60 GHz will coexist with legaellular networks and WLANs. Thus 5G
spectrum would span from sub-GHz to mmWave frequency bamdsupport diverse applications and services.
To exploit the available spectrum across the various frequéands, a highly flexible communication interface is
required which can support multiple RATs for various, pblsvery different, services at the same time. To meet
the above stated requirements, various solutions are lokscgssed. We summarize them as follows.

Network architecture: Instead of a rigid and infrastructure-centric approacbpaeld by previous generations,
device- and user-centric architectures are being advwbdatéG, in order to better support ubiquitous and seamless
communication. Further, the concept of cloud-based rattiess network (C-RAN) is proposed to reduce operational
costs by efficient utilization of radio resourcés [2]. In @R, traditional base station functionality such as baseban
processing and resource allocation is offloaded to a cdotation, to provide dynamic resource allocation leading
to a better utilization of baseband processing resourcesth®r architectural change expected is the macro-agdsiste
small cells — also calleghantom cells [3]. In this approach, the control plane and data plane acewded. The
macro cell covering a large area is responsible for the obatrd management functions, while small cells are used
solely for providing high datarate communications. Usualinall cells remain in a turn-off state to save energy.
Furthermore, for devices which are in the proximity of eatheq direct device-to-device (D2D) communication
is considered and is expected to become an integral part of 5G

Medium access control and signaling: 5G need to support a variety of applications, which are \dffgrent in



terms of traffic patterns, datarates and latency consttdfor example, machine-to-machine (M2M) communication
will have infrequent small packets with low datarates buthwdritical latency requirements. Video applications,
e.g., 4K video, have some latency requirements, can telerabrs to an extent, but will require very high datarates.
Web browsing and file sharing applications, on the other Heme again different requirements. In case of M2M,
signaling and control mechanisms employed in current nédsvavould cause high overheads. Widespread use of
M2M may lead to situations where thousands of devices tryctess a channel simultaneously. Current access
mechanisms are not designed to do this. Furthermore, toleld#D, very efficient signaling mechanisms are
required so that spectrum utilization can be increasedate of ultra-dense networks, coordination among small
cells, needed to mitigate the interference, will lead tohhiignaling overhead. Thus flexible medium access and
signaling protocols are needed to optimize the channetatibn for a wide variety of applications

Physical layer techniques: From the perspective of the physical layer, to combat tleecsty of available radio
spectrum in the lower frequency bands, mmWave frequen8®&Hz to 300 GHz) are being explored as alternatives
for both outdoor and indoor communication due to the hugealath they provide. Licensed 28-30 GHz and 38-
42 GHz bands are suitable for outdoor cellular netwdrksv#iile the unlicensed 60 GHz band is suitable for indoor
communication due to its propagation characteristicsA&pther breakthrough technology which will certainly have
a distinct place in 5G is Massive MIMQ[6].][7]. In Massive MIMthe number of antennas at a BS are much
higher than the number of devices being served. This enabigse spatial multiplexing and demultiplexing. The
small size of antennas and antenna spacing at mmWave freigganake massive MIMO a suitable beamforming
technology for devic&as well as BSs.

Itis predicted that by year 2020 indoor/hotspot traffic \aitcount for 80-9% of total traffic volume[[8]. Datarates
on the order of multi-Gb/s will be required in indoor envimant to support high definition video streaming and
gaming applications. Existing 3G and 4G systems were dedi¢m support the same set of services both in indoor
and outdoor environments. However, this will not be the daseG. A variety of services are emerging and many
of them, in particular, high datarate uncompressed viddido@imainly confined to indoors and hotspots. Therefore,
5G networks must take care of the traffic dissimilaritieswsstn indoor and outdoor environment. To tackle this
challenge, high capacity indoor local small cells need talésigned that can provide multi-Gb/s connectivity with
better coverage.

The 60 GHz frequency band has emerged as the most promisidifete for high speed indoor communications.
However, its inability to penetrate walls poses a seriowdlehge for providing seamless connectivity. Further, the
use of narrow beamforming makes it challenging to suppokitaalevices, due to the link outages caused by antenna
beam misalignment resulting from mobility of users. Thiguiees beam tracking and adaptive beamforming. We
propose CogCell concept, a 2.4 GHz assisted 60 GHz pictaetietwork architecture in which 60 GHz is used for
high speed data communication (data-plane traffic) whdés2GHz WiFi is used for control purposes (control-plane

traffic). Several 60 GHz picocells are managed by a singlei \8&H thus facilitating easy and robust network and

1We use the term device to mean a mobile station or a handheldegsipment.



mobility management with picocells. In the absence of a 6@ Gk, 2.4 GHz can also be used as a fall-back data-
plane option in CogCell making the best of both worlds. Thebfgm of frequent re-beamforming in 60 GHz can
be circumvented by leveraging the sensing and processimapdiies of smart devices that are using the 60 GHz
links. We will show how motion sensors (present in smart @soend tablets) will be used to predict user movement
and thus maintain the beam alignment. CogCell architedtasemany features: (i) Better spectrum utilization by
switching between 2.4 and 60 GHz bands for control and datesinission, respectively; (ii) Opportunistic fall-back
to 2.4 GHz band for data transmission, if the 60 GHz link is aailable; and (iii) Sensor assisted cognitive and
adaptive beam-tracking which reduces the need for frequeeheamforming of 60 GHz links in case user devices

move.

II. 60 GHz COMMUNICATION FOR MULTI-GB/S INDOOR CONNECTIVITY

Despite very sophisticated PHY/MAC layer techniques sueiMa-MIMO, higher order modulations, channel
bonding and frame aggregation, it is hard to improve the \Wakarate further. For example, despite using channel
bonding and multi-user MIMO schemes IEEE 802.11ac can omlyigde a peak datarate of around 1 Gb/s because of
limited bandwidth in the 2.4/ 5 GHz frequency bands. On thephand, large bandwidth is available in unlicensed
60 GHz band. The 60 GHz MAC standards IEEE 802.15.8c [9] amdEIB02.11ad [10] has already been completed,
providing datarates up to 5-7 Gh/s for a range of 10 to 20 mEBB2.11ad is backward compatible with IEEE
802.11b/g/n/ac. However, there remain several issueshwiéed to be addressed to realize multi-Gb/s 60 GHz

indoor networks.

Access delay: 60 GHz devices and access points (AP) employ directionaineras to compensate for free
space path loss. IEEE 802.11ad and IEEE 802.15.3c dividarteearound an AP in sectors, e.g., a sector
can span over 6@r 90°. CSMA/CA based random access is used during predefined tarieds — in
each sector in a round robin fashion — called Contention @#szess Period (CBAP). A device has to
wait for the CBAP period allocated to its sector. For exampleach sector spans an angle of8tn
there are four sectors. Thus, if a device generates a refustsifter the allocated CBAP period for its
sector, it has to wait until the next three CBAP periods. Tdusld introduce a considerable amount of
delay before the request is fulfilled.

Re-beamforming: Although the peak PHY datarate promised by IEEE 802.11athdsut 7 Gb/s, realizing
a seamless multi-Gb/s WLAN system providing a sustained pstarate is difficult. 60 GHz links
are highly susceptible to blockage caused by obstacles asidiumans, furniture, walls, etc. Further,
communication using narrow beams has to track moving ds\@enaintain the link. With narrow beams,
beam misalignment caused by small movements may resultakebrlinks. If a device moves away
from the beam coverage area, an exhaustive beam-searcyuiset resulting in excessive delays and
communication overhead. It is therefore important to keegnb alignment in order to maintain a stable
link.

Hand-off: While using directional antennas at 60 GHz, AP/devicealiscy and fast handover are difficult.



Since 60 GHz signals cannot penetrate walls, there will beyn6® GHz APs in an indoor area. This can
result in frequent hand-off when a user moves in the indoea.avhen moving from one room to another,
one should be able to quickly reconnect with another AP. Buenthis, fast discovery and authentication
are needed. Since the datarate is very high, a small inté&sruim signal coverage can lead to the loss of
a large amount of data. Further, frequent device discovedyassociation could lead to excessive energy
consumption resulting in fast battery drain.
To address the above issues, we propose to use WiFi and mntWdm@ell hybrid architecture. This will enable
smooth network management, fast channel access and déseoeery. Here WiFi supports control plane functions
while 60 GHz offers data plane functionality. To avoid frequ re-beamforming caused by mobility, we employ

motion sensors to predict the next location of the user sbappropriate beam switching can be performed.

Ill. I NDOOR NETWORKS BASED ON COMBINATION ORWIFI AND 60 GHzZ COMMUNICATION

In this section we discuss the capacity and coverage limitatof 2.4/5 and 60 GHz signals, respectively. We
illustrate that 2.4 GHz and 60 GHz systems are complemeiriasrms of coverage and capacity, and explain how

the proposed CogCell architecture enables interplay di bmfprovide a robust multi-Gb/s WLAN connectivity.

A. Complementarity of 2.4 and 60 GHz

Fig.[2(a) shows the coverage of 2.4 GHz (left) and 60 GHz fyigiynals in an indoor environment. Radio-wave
Propagation Simulator (RPS) [11] employing ray tracing sedito determine the coverage in the indoor area. To
calculate the signal power, reflections, up to second oaterconsidered and all the antennas are assumed to be
omnidirectional. The transmission power of antennas isBrfidt is clear that three antennas operating at 2.4 GHz
are sufficient to cover the whole area. On the other hand, &H80every room needs a dedicated 60 GHz antenna.
This is due to the fact that signal propagation charactesisire significantly different at 2.4 GHz and 60 GHz.
mmWaves at 60 GHz do not penetrate through walls. A signififeattion of signal power is absorbed by the
walls. This is illustrated by the black ellipses over theebtiolored areas in Fif. 2{a).

Fig. [2(b) compares the maximum datarates promised by diffe?’/LAN standards operating at 2.4/5GHz
and 60 GHz frequency bands. Even though IEEE 802.11n and EEPEllac use very sophisticated PHY layer
techniques such as MIMO, MU-MIMO, channel bonding, and feaaggregation at the MAC layer, the expected
datarate is much lower compared to what can be achieved #&0tldHz frequency band.

It is evident from Fig[R that the 2.4 GHz and 60 GHz signals plement each other in terms of capacity
and coverage. The capacity of 60 GHz signhals is at least maastihigher than the 2.4 GHz systems. Thus a
hybrid solution, involving 2.4 GHz transmission assistthg 60 GHz devices can be very effective. Almost every
consumer electronic device, such as smartphones, taldpteps, cameras, etc., is equipped with WiFi and this
trend is expected to continue. Hence, assistance of 2.4#5M8aHd for 60 GHz communications seems a pragmatic

solution.



7000 . . . T . T

6000
B o2 | 0CH?

R 502119
5000 [ 802.11n
[ Jso211ac
4000 [ ]802153c
I 802.11ad

3000

Data rate (Mb/s)

20001 2.4/5 GHz

1000}

(b) Comparison of peak datarates at 2.4/5GHz and 60 GHz.

Fig. 2. Comparison of signal coverage and offered datat@s4/5 and 60 GHz.




B. Hybrid 2.4 and 60 GHz WLAN Architecture

There can be two types of solutions: (i) utilizing the exigt?.4 GHz WiFi and IEEE 802.11ad, and modify them
accordingly; or (i) a new system other than IEEE 802.11b&ayid IEEE 802.11ad. The former category is more
likely to succeed as majority of wireless communicationidey are already equipped with IEEE 802.11b/g/n.

One possible approach in the first category could be to usa WédFa supportive technology to manage the
60 GHz network. The WiFi AP can cover several 60 GHz APs andcéeseveral 60 GHz APs can be managed
by a single WiFi AP. This is the basic idea behind the propaSedCell architecture. We propose to split control
and data plane over 2.4 GHz and 60 GHz, respectively. Thisnsehs similar to the concept &hantom Cells [3]
proposed for 5G networks.

Fig.[3(a) shows the conceptual diagram of CogCell architectOne 2.4 GHz AP covers all the rooms. Further,
every room has a 60 GHz PCP/AP (802.11ad APs are called PGPd&dicated for high speed data transmission.
In a smaller indoor area such as small homes, a single 2.425/&3Hcan be sufficient to provide the coverage but
if the indoor area is large (e.g., big office, shopping malisioports), multiple 2.4/5 GHz APs would be needed
to cover the complete area. Moreover, when areas are segdrgtwalls, they always require a separate 60 GHz
PCP/APs.

In the proposed CogCell architecture, device discovergp@ation and channel access requests are transmitted
over the 2.4 GHz channel, while data is transmitted over 6@ Gliannel. If a device wants to transmit data, it first
sends its request using the 2.4 GHz frequency band. Thergtife appropriate 60 GHz AP is directed to facilitate
the high speed data transmission. IEEE 802.11ad PCP/ARsi-@nd devices, hence WiFi AP can communicate
with 60 GHz PCP/AP over 2.4/5 GHz. Figl 3 shows the schemdittb@ CogCell architecture.

C. Advantages and Challenges of WiFi and 60 GHz Interplay

It is to be noted that, other than WiFi, LTE may also assistrttmWaves communications (LTE-WiGid) [12].
Especially in outdoors, LTE can provide better control fimeality instead of WiFi due to its limited range. However,
in indoor environments, exploitation of WiFi would be morégtable instead of LTE due to the prevalence of WiFi
networks over licensed LTE cells. Furthermore, WiFi woutdrhore suitable for indoor mobility management due
to its localization capabilities which are accurate up to eenand can help in handover between 60 GHz APs,
where room level positioning accuracies would be requivéden LTE is used in conjunction with WiGig, the data
path could be via LTE base station or there must be differaokhaul connectivity to the WiGig AP. In the first
case, LTE BS would be the bottleneck and it would defeat thpgee of having WiGig. In the latter case where a
backhaul is used for data path via WiGig AP, then it would edi®e similar to CogCell except that LTE handles
the control (rather than a WiFi AP as in the CogCell). LTE-WgGof course, helps in outdoor environments and it
can provide high data rate if backhaul connectivity existsw, we briefly describe the advantages and challenges
of interplay between WiFi and 60 GHz.

Advantages. The advantages of a hybrid 2.4 and 60 GHz WLAN system are wldsif Firstly, isolated (behind

the walls) 60 GHz APs can still facilitate a seamless WLAN exngnce to the indoor users. Secondly, device
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discovery and association can be easily performed over 221 Bs users move from one room to another room,
they are still under the same 2.4 GHz APs. Thirdly, informatsent over the 2.4 GHz channel can also help in
60 GHz beamforming procedure. Instead of using two levehastive beam searching as in IEEE 802.11ad, devices
can estimate the approximate direction of each other usih@GBRz frames.

Generally, 2.4/5 GHz communications (IEEE 802.11n, IEER.80ac) employ multiple antennas in which
approximate direction of arrival can be obtained. Using tftough estimate of direction of arrival, the search
space of exhaustive beam searching for 60 GHz is reducedni#lasiapproach has been employed|inl[13] which
shows that inferring the direction of 60 GHz transmissiom@<.4/5 GHz can reduce the link setup overhead by
avoiding exhaustive beam searching.

Fig.[4(a) shows results from MATLAB simulations for the Wi&ssisted device discovery mechanism assuming
devices can infer the rough sector estimates using 2.4 Ghfisrmnissions. The beamwidth of all the devices and
PCP/AP is assumed to be 6\l the parameters are listed in Tal)le I. The results aregamed with the standalone
60 GHz directional device discovery scheme proposed_ih. [14Jan be observed that the WiFi assisted scheme is
nearly 150% to 300% faster than the 60 GHz directional dediseovery scheme. The results also show the effect
of signaling overhead due to 2.4 GHz control frame transomisghich is obtained by including the time required
for transmission of extra management frames over 2.4 GHz.

Furthermore, the CogCell architecture can reduce the @iautess delay because a device can place the data
transmission request over 2.4 GHz channel whenever it wérsthe other hand, in sectorized MAC protocols
such as IEEE 802.11ad, a device has to wait for channel adcées60 GHz AP is serving a different sector.

Challenges. The hybrid 2.4/5GHz and 60 GHz network poses many challeatges Firstly, increased number
of WiFi devices can hinder the control plane communicatitm.address this issue, we propose to prioritize the
60 GHz channel access requests over the 2.4 GHz requestsefife tlvo categories of frames sent over 2.4 GHz
channel: (i) 60 GHz channel request frames and (ii) 2.4 GHmnokl request frames by non-60 GHz devices. We
assign different contention window sizes and allowed maxmmumber of retransmissions for these categories,
which are shown in Tablg I. Fi§. 4{b) and Fjg. 4(c) show the MAB simulation results for the average channel
access delays and transmission probabilities for both tfpeequests. It can be seen that a significantly faster
channel access and higher transmission probabilities eagubranteed for the 60 GHz channel requests.

Secondly, power consumption of multiple radios workingditaneously can drain the batteries of mobile devices.
Hence novel schemes are required to reduce the device powsumption. One possible solution could be to turn
on the 60 GHz radio only when data plane communication isireduThirdly, 2.4/5 GHz control plan would also be
used as a fall-back options if 60 GHz data plane is not availakhis requires intelligent mechanism to determine
when the data plane fall-back should be triggered as 60 Gtkzduality can deteriorate due to multiple reasons

such as antenna misalignment due to user movement, blockegt obstacles, etc.
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IV. SENSORASSISTEDINTELLIGENT BEAM SWITCHING

Communication using narrow beam directional antennas @arsec frequent link degradation due to device
movement. This is particularly the case with handheld dmvisuch as smartphones, tablets, etc. To set up the
directional link between two devices, IEEE 802.11ad presid beamforming mechanism for the selection of the
best transmit and receive antenna-beam pair. In case ofaelevobility, beam alignment can be disturbed; this
could result in frequent outages of links. If the link qualitegrades below a certain limit, the mechanism to select
the best beam-pair is restarted (we call this re-beamfaymifhe re-beamforming procedure involves exhaustive

searching in all the possible transmit and receive diraestid his leads to a considerable amount of communication
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TABLE |
MAC PARAMETERS FOR PRIORITIZED CONTROL CHANNEL ACCESS

Parameters Typical values Parameters Typical values
Control frame transmission rate 1 Mbps Retry limit[2.4 GHZ] 5
WiFi datarate 54 Mbps C'Winaz[60 GHZ] 16
SIFS[2.4 GHZ] 10us CWimaz[2.4 GHz] 256
SIFS[60 GHz] 3us RTS 20 Bytes
Slot time[2.4 GHz] 20us CTS 14 Bytes
Slot time[60 GHz] 5us ACK 14 Bytes
DIFS[60 GHZz] SIFS + Slot time PHY Header 16 Bytes
DIFS[2.4 GHz] SIFS + 2<Slot time MAC Header 24 Bytes
RIFS 300us WiFi data 1024 Bytes
CWin[60 GHZ] 8 Association request 1024 Bytes
CWoninl2.4 GHZ] 32 Association response 16 Bytes
Retry limit[60 GHz] 5 Sector sweep and feedback frame 1024 Bytes

overhead as well as degradation of Quality of Service (Qo0S).

If the next position of the users is known, the PCP/AP and thécg can switch their beams to the appropriate
beam sectors. We proposes to use the motion sensors suchedsrameter and gyroscope to identify the device
movements and predict the next location of device. Thessossrare already embedded into most modern devices,
hence this method is not unrealistic and is economicallgleialo retrieve the useful information from these sensors
it is possible to combine the data from two or more sensorsh 8ombination of sensors is referred to as a virtual
sensor. Theotation vector sensor is such a virtual sensor, where accelerometer, gyroscopenagnetometer data
are fused. The rotation vector sensor gives the orientatidhe device relative to the East-North-up coordinates.
The azimuth angle from this sensor can be used as an indicatithe direction of the user which can assist in
identifying the next beam-pairs.

Fig.[5(a) shows the system diagram of sensor assisted beainfp Whenever a movement occurs, based on the
gathered sensor data, the next location of the user is peeldamd beam switching is performed to maintain beam
alignment. Fig[ 5() shows the preliminary simulation teswhen a device moves along the stated routé in [15].
When the PCP/AP beamwidth is 304 instances of re-beamforming are required without useérgsor data. On the
other hand, with the help of sensor prediction, the numbee-dfeamformings can be reduced to 4. Similarly, when
the PCP/AP beamwidth is 20instead of 18 re-beamforming instances without sensdaigien, re-beamforming is
needed only 5 times using the rotation vector sensor dathidsimulation, we assumed that the PCP/AP knows the
sensor information. However, in practical scenarios, seirformation needs to be communicated to the PCP/AP.
This can be done by including sensor information in the 80&dldata frames. This preliminary examination of

using sensor data for beam switching seems encouragingeguites further investigations.
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In this paper, we proposed a novel indoor network archite¢tGogCell, for 5G. The proposed CogCell archi-
tecture enables the interplay between 2.4 and 60 GHz bama®ifitrol and data plane transmissions, respectively.
CogCell promises a robust multi-Gb/s WLAN experience at 62 &equency bands enabling faster device discovery
and medium access. We believe that the combination of 2 A6WiFi and 60 GHz communication will play an
important role in the indoor networks in 5G era and we shoviredapproach to exploit them together. Further, a
sensor-assisted intelligent beam switching scheme forHBd&@mmunication was proposed. It was shown that with
the help of rotation-vector sensor-data, frequent re-lfeamning in the 60 GHz directional links can be significantly

reduced. Thus, link maintainability in 60 GHz is guaranteEliis results in less requests on WiFi APs leading to

efficient use of 60 GHz and WiFi.
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V. CONCLUSIONS

REFERENCES

12

[1] J. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. Sgomand J. Zhang, “What 5G will be?3elected Areas in Communication,

Journal of, Sep 2014.

[2] C.-L. I, C. Rowell, S. Han, Z. Xu, G. Li, Z. Pa#st al., “Toward Green and Soft: A 5G Perspectiv&€dmmunications Magazine, |EEE,

vol. 52, no. 2, pp. 66-73, 2014.

[3] Y. Kishiyama, A. Benjebbour, T. Nakamura, and H. Ishikuture steps of LTE-A: evolution toward integration of lbesiea and wide

area systemsWreless Communications, |EEE, vol. 20, no. 1, pp. 12-18, 2013.
[4] T. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. WaAgWong, J. Schulz, M. Samimi, and F. Gutierrez, “Millimeave Mobile
Communications for 5G Cellular: It Will WorkAccess, |EEE, vol. 1, pp. 335-349, 2013.
[5] T. Rappaport, J. Murdock, and F. Gutierrez, “State of Mrein 60-GHz Integrated Circuits and Systems for Wirelessm@hunications,”
Proceedings of the IEEE, vol. 99, no. 8, pp. 1390-1436, Aug 2011.
[6] W. Roh, J.-Y. Seol, J. Park, B. Lee, J. Lee, Y. Kim, J. Cho,Gheun, and F. Aryanfar, “Millimeter-wave beamforming asemnabling

technology for 5G cellular communications: theoreticalsibility and prototype resultsCommunications Magazine, |EEE, vol. 52, no. 2,

pp. 106-113, February 2014.



13

[7] F. Rusek, D. Persson, B. K. Lau, E. G. Larsson, T. L. Masze®. Edfors, and F. Tufvesson, “Scaling up MIMO: Opportiesi and
Challenges with Very Large ArraysCoRR, vol. abs/1201.3210, 2012.
[8] “Cisco Visual Networking Index: Global Mobile Data Tfaf Forecast Update, 2012-2018,” Feb. 2014.
[9] “IEEE 802.15.3¢ working group, tgc3,,"Report.
[10] “Draft standard- part 11:Wireless LAN medium accesaitod (MAC) and physical layer (PHY)specifications - Amengm 4:
Enhancements for very high throughput in the 60GHz baleEE P802.11adTM/D9.0, July 2012.
[11] J. Deissne and et al, “RPS Radiowave Propagation Storuldser Manual-Version 5.4 Actix GmbH, 2008.
[12] [Online]. Available:| http://newsroom.intel.comizmnunity/intel newsroom/blog/2015/03/02/intel-launches-new-mobies-Ite-solution
[13] T. Nitsche, A. Flores, E. Knightly, and J. Widmer, “Stieg) with eyes closed: mm-wave beam steering without indbar@asurement,” in
in Proceedings of |IEEE INFOCOM, 2015.
[14] X. An, R. Venkatesha Prasad, and |. Niemegeers, “Impéetntenna pattern and link model on directional neighbscairery in 60 ghz
networks,” Wreless Communications, |EEE Transactions on, vol. 10, no. 5, pp. 1435-1447, May 2011.
[15] A. W. Doff, K. Chandra, and R. V. Prasad, “Sensor asdistovement identification and prediction for beamformed 68zGinks,” in
2015 |EEE 12th Consumer Communications and Networking Conference (CCNC) (CCNC 2015), Las Vegas, USA, Jan. 2015.

BIOGRAPHIES
Kishor Chandra

Kishor Chandra (K.Chandra@tudelft.nl) is currently pimguhis Ph.D. in the Embedded Software group of
Delft University of Technology, The Netherlands. He reeeiyhis M.Tech. degree in Signal Processing from Indian
Institute of Technology, Guwahati, India in 2009 and hisijEin Electronics and Communications Engineering for
K.E.C. Dwarahat (Kumaon University), Nainital, India in@Q Prior to joining Ph.D., he was a Research Engineer
working on IP Multimedia Subsystems with Centre for Develgnt of Telematics (CDOT), New Delhi, India. His
research interests are in the area of 60 GHz communicat@h$yetworks and millimeter wave Radio-over-Fiber

networks.

R. Venkatesha Prasad

R. Venkatesha Prasad (R.R.VenkateshaPrasad @tude#iceiyed his Bachelors degree in electronics and com-
munication engineering and M.Tech degree in industriadtedaics from the University of Mysore, India, in 1991
and 1994. He received a Ph.D. degree in 2003 from 11ISc. DUr¢8$ he worked as a consultant and project associate
for THE ERNET Lab of ECE at 1ISc. While pursuing his Ph.D. dagrfrom 1999 to 2003 he also worked as
a consultant for CEDT, 1ISc, Bangalore for VolIP applicatidevelopment as part of Nortel Networks sponsored
project. In 2003 he headed a team of engineers at ESQUBE Caination Solutions for the development of
various real-time networking applications. From 2005 ta2he was a senior researcher at the Wireless and Mobile
Communications group, Delft University of Technology, wioig on the EU funded projects MAGNET/MAGNET
Beyond and PNP-2008, and guiding graduate students. Fra@ @@ward, he has been an assistant professor at the
Embedded Software group at Delft University of Technolddg.is an active member of TCCN and IEEE SCC41,
and a reviewer of many IEEE transactions and Elsevier jdsiride is on the Technical Program Committees of
many conferences, including IEEE ICC, IEEE GLOBECOM, ACM MMCM SIGCHI, and others. He is TPC
Co-Chair of the CogNet Workshop in 2007, 2008, and 2009, aR@ Thair for E2Nets at IEEE ICC 10. He is


http://newsroom.intel.com/community/intel_newsroom/blog/2015/03/02/intel-launches-new-mobile-socs-lte-solution

14

also running PerNets workshop from 2006 with IEEE CCNC. He wee tutorial Co-Chair of CCNC 2009 and
2011, and Demo Chair of IEEE CCNC 2010. He is Secretary of BieEl ComSoc Standards Development Board

and Associate Editor of Transactions on Emerging Telecomeations Technologies.

Bien Quang

Bien Quang (quang.bien@gmail.com) received his Ph.D.edefpom Delft University of technology in 2014.
He received his B.S. degree and the M.Sc. degree in Elect@rid Telecommunications from Hanoi University
of Technology, Vietham, in 2001 and 2004, respectively. Hisearch interests include billing, mobility, home

networking, performance analysis of various wireless netgies, e.g., IEEE 802.15.3 and 802.11.

I.G.M.M. Niemegeers

I.G.M.M. Niemegeers (1.G.M.M. Niemegeers@tudelft.nlfe&ed a degree in electrical engineering from the
University of Ghent, Belgium, in 1970. In 1972 he receivedMsSc.E. degree in computer engineering and in
1978 a Ph.D. degree from Purdue University in West Lafayétidiana. From 1978 to 1981 he was a designer of
packet switching networks at Bell Telephone Mfg. Cy, AntayeBelgium. From 1981 to 2002 he was a professor at
the Computer Science and Electrical Engineering facudtfahe University of Twente, Enschede, The Netherlands.
From 1995 to 2001 he was scientific director of the Centre feleatics and Information Technology (CTIT)
of the University of Twente, a multi-disciplinary reseaidistitute on ICT and applications. From May 2002 until
his retirement in 2012, he held the chair Wireless and MoBidenmunications at Delft University of Technology,
where he headed the Telecommunications Department. Heriiently a Professor Emeritus of Delft University
of Technology. He was involved in many European researciegisy including the EU projects MAGNET and
MAGNET Beyond on personal networks, EUROPCOM on UWB emetgaretworks, and eSENSE and CRUISE
on sensor networks. His present research interests are Begd infrastructures, future home networks, ad hoc
networks, personal networks, and cognitive networks. He(ha)authored close to 300 scientific publications and

has coauthored a book on personal networks.



	I Introduction
	II 60GHz Communication for Multi-Gb/s Indoor connectivity
	III Indoor networks based on combination of WiFi and 60GHz communication
	III-A Complementarity of 2.4 and 60 GHz
	III-B Hybrid 2.4 and 60GHz WLAN Architecture
	III-C Advantages and Challenges of WiFi and 60GHz Interplay

	IV Sensor-Assisted Intelligent Beam Switching
	V Conclusions
	References

