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HIPERLAN application are also considered. The sedion also includes material on
synchronisation in HIPERLAN and channel coding for wideband radio systems.

In sedion 8.6 MAC protocols for ATM access to the public B-ISDN, for random
accessto a wired backbone network, and for ad-hoc networks are described. The
first uses a request/permit mechanism to control the accessto the shared medium.
The avail able @pacity is all ocated by means of a global FIFO queue in so that the
peak bit rate is enforced. In the send, the uplink is dedared busy or free by
inhibit bits transmitted on the downlink. This enables RSs to avoid callisions. In
the ad-hoc networks there is no BS to control accessto the dnannel so a distributed
protocol must be used. Two contention resolution protocols based on sensing the
channdl at the transmitter and one based on a handshake procedure are described.
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8.7 Summary

Stephen Barton, University of L eeds, UK

After diminating IR as a candidate transmisson medium on grounds of eye safety in
sedion 8.1.1, and finding mmw technology relatively mature and safe in sedion 8.1.2,
the next three sedions concentrated on mmw channd characterisation. In sedion 8.2
methods of characterisng building materials a8 mmw based on scattering, bigtatic
refledion and transmisson were described and the main dedrical parameters of many
common building materias tabulated. Also tabulated were the minimum  thicknesses
required for various degrees of isolation between roams to contral interference Walls
made from al materials except glassand dasterboard will provide sufficient isolation to
enablere-use of the same frequency in every room.

Sedion 8.3 described narrow and wideband measurements, statistical and determinigtic
modding of the mmw indoar radio channd. The narrowband measurements concern
mainly DOA, which can be usad to investigate individual dgnal paths. The results
indicate that a gain of 8.4 dB can be achieved by using an adaptively seged antenna &
the remote gation. Wideband measurements in a variety of indoar areas with different
shapes, dimensions and wall material were described. From the resulting time-domain
data base, cdl coverage and RDS under LOS and OBS conditi ons were derived. Vaues
varied between 10and 100ns.

A datigical modd for the power dday prdfile of the indoar mmw channd has been
derived from the measurements. It consists of an LOS ray foll owed by a congtant leve
part up to 60 ns, followed by alinear deadease (in dB). A determinigtic modd of mmw
indoar radio propagation based on GO was also described. Computer smulations with
various combinations of antenna characterigtics diowed that a setup with biconica
horns at bath ends yidds NRP and RDS which are insenstive to LOS blocking and
distance

Sedion 8.4 described narrow and wideband measurements, statistical and
deterministic modeling of the outdoor mmw channel. Here the Oxygen absorbtion
is expeded to limit cdl radii to lessthan 1 km. The break point between inverse
square law and fourth power law propagation isfound to ke at least 7 km, so that in
al redlistic stuations a path loss exponent between 2 and 25 can be asaumed.
Wideband measurements and a ray-tracing model indicated that DS in city streds
and tunnels would be in the 10 - 50 ns range while in open areas such as gjuares it
could reach 100ns or more.

Sedion 8.5 reviews the main types of transmisson techniques which may be used
to owercome the limitations of the wideband multipath dispersive dhannel. These
are DSSSwith a RAKE recever, multicarrier or OFDM modulation, antenna
diversity and adaptive equalisation. Studies of equaliser performance in the
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Fig. 8.6.6 shows the throughput of a network of ten nodes with different numbers of
hidden nodes. There are 10«(10 - 1)/2 = 45 dfferent possble mnnedions [54].
The throughput rises to 0.85 for the fully conneded network and remains at this
leve in the @ngested region. However, with increasing numbers of hidden node
pairs the throughput is reduced. The main reason is that a node which is hidden
from the aurrent transmitter believes the cannd to ke freg and can therefore
transmit asynchronoudy causing a colli sion at the recaver which can hear bath.

The basic problem with these allision resolution protocoals is that they rely on
sensing the channel at the transmitter, whereas collisions occur at the recever.
One protocol has been proposed which does not suffer from this problem.

In the RTS/CTS protocol [54] data transmisgon is precaded by an exchange of
short packets between source and destination nodes, seeFig. 8.6.7. The RTS and
CTS packets contain source and destination addresses, and the length of the data
packet which isto follow. Other nodes which hear either RTS or CTS defer for the
length of the data packet. Any node which is might interfere with the data reception
at the destination hearsthe CTS and defers, evenif it is hidden from the source and
cannot hear the RTS or the data. Unfortunately, the RTS/CTS protocol does not
readily acoommodate multi cast or broadcast traffic. It is therefore included only as
an option in the draft IEEEP80211 standard.

REQUEST 10 SEND (RTS) TIE

CLEAR TO SEND (CTS)

/_)47;1 w
474)

EMENT (ACK)

ACKNOWLEDG

SOURCE DESTINATION

Fig. 8.6.7 RTS/CTS protocol
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if the highest priority packet awaiting transmisdson is priority 3, al nodes with
priority 3 packets transmit at the sametime, i.e. after 30 ys.

Dat Ack
1 s

2 IFS

prioritisation | elimination] yield transmission

A
Y
y

channel access cycle

Fig.8.6.5 EY-NPMA

In the dimination phase, all surviving nodes choose a random number of dlots to
transmit their dimination burst. At the end of its elimination burst a node must
listen to chedk whether another node is gill transmitting, in which case it defers
until the next accesscycle. The nodes which have diosen the longest eimination
burst now move into the yield phase. Each surviving node now listens for a
random number of dots. When the node which has chosen the small est number of
yidd dots garts to transmit its data, any remaining survivors hear it and yield until
the next accesscycle.

throughput

offered load

Fig. 8.6.6  Throughput with Hidden Nodes: a fully cnneded, b: 1,
c: 3,d: 5 pair of hidden nodes.
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frequency. Thiu collison detedion is not available, so aternative means of
avoiding collisions must be found. Three approaches, referred to as the COMB-
scheme, Elimination Yield Non-Pre-emptive Priority Multiple Access(EY-NPMA),
and Request to Send/Clear to Send (RTS/CTS) are discussed below.

The COMB scheme [37] is based on collision resolution rather than detedion.
Each node precales its transmisson by a signaling period in which it switches
between transmitting and receving according to some random pattern of bits
known as the cmb, seeFig. 8.6.4. All users contending for accessto the dannd
synchronize to the end of the previous transmisgon, and transmit during the first
‘toath’ of the emb. Where two users bath transmit or bath receve in the same
toath, they will not deted one another. As on as one transmits when the other is
recaving, the recaving one deteds the other and defers. In this way, given
aufficient teeth in the cmb, the number of contending users is reduced to one,
which can then transmit its data.

The COMB scheme is claimed to be more dficient than CSMA/CD becuse
collisions are resolved, alowing one node to transmit succesgully, whereas in
CSMA/CD bath contending nodes cease transmisgon. However, it does rely on all
nodes being able to recave one another, i.e. it does no accommodate hidden nodes.
The requirement to switch rapidly between transmit and recéve mode is also
difficult for the radios to med.

Nodea [ [ ] [] [

Key = 1 1 0 1 0 1 NodeA winsso transmits data packet
Node B ]
Key = 1010 11

B senses A and C so stops transmission

Node C [T ]

Key = 110010
A

C senses A so stops transmission

Fig. 864  COMB Scheme

The protocol which has been adopted for HIPERLAN, EY-NPMA [54] is a further
development of the COMB scheme, requiring only a single signaling puse to ke
transmitted before the data, and thus reducing the need for rapid switching of the
radio between transmit and receéve modes, seeFig.8.6.5.

All contending nodes are again synchronised to the end of the previous burst. The
access cycle is divided into four phases: prioritisation, dimination, yidd and
transmisson. In the prioritisation phase, nodes listen to the dannel for a number
of 10 ps dots depending on the priority of the packet awaiting transmisgon. Top
priority packets wait 10 ps, lower priority packets 20 ps etc. If no node of higher
priority aserts the danne during its listening period, a node may transmit the
priority assrtion pulse. Otherwise it must defer until the next accesscycle. Thus,
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Fig.8.6.3 Throughput of dotted non-persistent ISMA, capture ratio
=a0dB,b2d,c4dB,d 6d,e 8dB.

8.6.3 Distributed Networks

In Ad-hoc networks there is no BS with overall control of access to the
transmisson medium. A node which happens to give accessto the fibre backbone
network is treated the same as any other. Communication is on a pea-to-pea basis
and the network topology is Mesh. The lack of a central base station also means
that there is no separation between up-link and down-link channdls, so that asingle
channel is used for all traffic. Thisis no bed thing because typical LAN traffic is
far from symmetrical, so that a fixed dvision of resources between up- and down-
link traffic would be inefficient. It does introduce ancther problem for radio LANS,
however, because a node @nnot recave signals at -70 dBBm from a distant
transmitter at the same time as it is transmitting up to +30 dBm on the same
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subtracted the number of permits for RS(i) currently waiting in the BS permit
queue. In this way the possbility of a cdl remaining permanently in the RS
because d@ther request or permit isincorredly receved is avoided. Each time a new
permit is added to the queue the timer isreset to t(i). Thisisthen deaeased by one
every timedot until it reaches zero, when a new permit for RS(i) can be added to
the queue. In thisway the maximum rate for R(i) is maintained at one cél per t(i)
timedots.

8.6.2 Centralized control based on random access

This sdion presents the throughput analysis of a random access protocol:
nonpersistent inhibit sense multiple access (ISMA) in the mmw band for indoor
communications. In random access protocols any RS may transmit whenever it
beli eves the medium to be free asdsted by any side-information provided by the
system. In aradio network a RS may not be able to deted the activity of another
RS, even if it’s transmit and receave frequencies are the same. This “hidden node”
probdem means that Carrier Sense Multiple Access with or without Collision
Detedion (CSMA/CD) bemmes unreliable. On the other hand, differences in
recaeved signal levels at the BS from different RSs leads to a capture dfed, in
which collisions do not necessarily cause the loss of bath colliding packets.
Providing the signal to interference (plus inter-symbad-interference plus noise) ratio
exceals the “capture ratio”, denoted z,, the stronger signal will be successully
receved

In ISMA, the BS transmitsinhibit bits on the down-link, indicating that the up-link
isbusy. The RS must wait until theinhibit bit isreset beforeit may transmit. This
does not completely prevent colli sions as two waiting RSs may start to transmit at
the same time. This problem is mitigated to some etent by the nonpersistent
random back-off algorithm. Aswith other contention based protocols, performance
is further improved by atime dotting structure.

The performance of bath dotted and undotted non-persistent ISMA over an
idealised mmw radio channel based on the results in sedion 8.3 abowe, and for
various values of normalised RDS and z, is presented in [52],[53]. An example of
theresultsis sown in figure 8.6.3. This dhows the throughput of slotted np-ISMA
over the LOS channel with Ricean K-factor of 0 dB on bath up- and down-links,
and RDS = 0.5, for five different values of z,.
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1) Permits for ATM cdls. These (CL = 1) contain the address of one RS,
indicating that it is al owed to send one ATM cdl.
2) Permits for request blocks. These (CL = 0) contain the addressof the next

RSin thelist. The permit entitles this RS, and the next five on the list, to send a
short request packet.

The BS isaues permits for request blocks whenever it has no permits for ATM cdls
to send. Therefore, the idle periods of the upstream traffic are used for transmitting
request blocks. In this way, the spare upstream capacity is exploited to increase the
reaction speel of the protocol to changing traffic situations. Fig. 8.6.2 shows the
downstream traffic structure, bath for permits for ATM cdls and permits for
reguest blocks.

PL PDU PL PDU PL PDU PL PDU PL PDU

PL overhead including
permit and CL field

Fig. 8.6.2  Downstream information structure.

The main characteristics of the permit distribution algorithm are: 1) the peak bit
rate per RS is enforced by spacing the cdls, 2) a global FIFO discipline is used
(over @l RSs) to minimize cdl dday variation and to achieve fair access and 3)
cdl s awaiting transmisson are buffered in the RSs (distributed buffering).

To contral the maximum all owed peak bit rate for each RS(i), the protocol enforces
a minimum time spacing, t(i) between conseaitive cdls, inversely proportional to
the peak bit rate agreed in an initial negotiation procedure between RS and BS. The
number of new cdl arrivalsis deduced from the requests and the necessary permits
are asdgned to the RS. These permits are put into a FIFO queue together with
permits for the other RSs with the wnstraint of minimum time spacing between
two conseadtive permits for the same RS. In this way, the actual queuing takes
place in the RSs, while the central control in the BS maintains a permit FIFO
queue, by which the transmisgon instants and the order in which the different RSs
are eanptied are governed.

The central controll er maintains two counters per RS, one indicating the number of
requests which have not yet been alocated a permit, and one indicating the time
which must elapse before another permit can be granted to RS(i). The requests
dedare the number of cdls currently waiting in the RS queue. From this is
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call set-up, the protocol dynamically all ocates the avail able upstream capacity. The
RSs are then informed about the all ocated capacity by means of permits.

Requests contain information about the number of ATM cdls awaiting
transmisgon in the local queue at the RS. Two types of requests are avail able:

1) Requests coupled to the upstream ATM cdls. An RS which already has a
permit to transmit a cdl may attach a request to it.
2) Requests contained in dedicated request blocks. An RS which does not

have a permit to transmit a cdl must wait for the BS to dedare a dedicated request
block, and for itsturn in the sequenceto use these blocks.

Without the seaond type of request, an RS which had been inactive for a short time
could never reoin the system. The request blocks are the same length as an
upstream cdl, and contain® short request packets originating from a number of
conseadtive RSs.

Fig. 8.6.1 shows the upstream information structure. In this figure, a Physical
Layer Packet Data Units (PL PDU) consists of a PL preamble including a request
fiedd and an ATM PDU, i.e, a standard ATM cdl. The PL preamble may also
include afield for error control, see[51],[16].

<-req. block >

Ra Rq
PL PDU PL PDU PL PDU - PL PDU
1+1 I+]
/
/
/

Pl | t
L overhead including ATM PDU PL reques!
reguest field overhead fleld

Fig. 8.6.1  Upstream information structure.

The protocol all ocates the available @pacity among the RSs by means of permits
broadcast on the down-link. Permits are attached to downstream cdls, which need
not be addressed to the same RS as the permit. There are two types of permits,
distinguished by a permit classbit, CL:

L A request block also contains a dedicated time dot in which a new station can send a
request for regigtration. A randomised retransmisson strategy is used to avoid persistent
cdlisons and large retransmisson ddays. When the BS receéves a request for
registration it initit ates a registration procealure and all ocates an addressto the new RS.
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multi plexed between them. In the second, a single encoder is used and the deaoders
operate on overlapping sedions of the recaved data stream.

The required length of overlap depends on the wde rate, Ep/Np, and dedsion
depth, and varied from a few bits to about 200. This was found not to be a major
overhead as the block lengths could be up to 20,000 bits. Results of shortening the
outer RS code, and RS symbd interleaving are also reported. The sufficient depth
of interleaving is around 5-8 RS symbds, seefig. 8.5.8. Finally, no significant
additional coding gain is expeded from the deaeased coding rate of a shortened RS
code.

8.6 Network Performance Evaluation

Peter Smulders, EUT, Netherlands, RamjeePrasad, DUT, Netherlands
and Stephen Barton, University of L eals, UK

A number of different network architedures and types of traffic have been
considered within WG3. Access networks to a fibre backbone, which use radio
only for the last 50m, will typicaly have a centrally controlled star architedure,
with overlapping cdl coverage areas acoommodated by a frequency reuse pattern.
In such networks all communication is between RS and BS, and ether frequency
(FDD) or time division dugdex (TDD) can be used to separate the up- and down-
link traffic. As with fixed networks, Medium Access Control (MAC) protocols
based on demand assgnment are better for networks with small numbers of nodes
generating roughly constant traffic, while random access protocols are better for
large numbers generating sporadic traffic. Ad-hoc networks, on the other hand, are
esentialy distributed in nature and therefore annot accommodate any central
control function, so random access protocols must be used. In this fdion a
demand assgnment protocol for accessto the public switched B-ISDN network, a
random accessprotocol for accessto private mmputer networks guch as FDDI, and
some distributed protocols for ad-hoc networks are discussd.

8.6.1 Centralised control based on polling

Most efficient traffic throughput is provided by systems in which access to the
medium is allocated centrally, provided the signalling overhead is not too great.
Fairness is achieved by maintaining a unified gueueing system in the centra
controller. A protocol based on accessunits matched to the standard 53-octet ATM
cdl, and proposed by Smulders and Blondia [50],[16] is described in this edion.

It operates according to a request/permit medhanism as follows; each RS dedares
its capacity reguirements by means of requests, which are sent to the master of the
protocol |ocated in the BS. Using these requests, together with parameters agreed at
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Fig. 85.7  System block diagram.

8.5.7 Channe coding

Ref. [48] discusses the requirements for error control in ATM-based indoor radio
LANSs. The maximum acceptable cdl-lossrate varies from 10 to 109 acoordi ng
to the type of traffic. ATM is designed for fibre networks with very low BER and
therefore has only end to end error control. Radio links require eror control on a
link by link basis to achieve the same cdl |oss rates. BCH codes capable of
correding one or two errors in a 511 bit block are mnsidered, with and without a
single re-transmisgon strategy (when uncorredable erors are deteded). It was
found that dual antenna diversity was essntial for all schemes to achieve the
reguired transmisgon rates.
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Fig.85.8  The BER performance vs. Ep/Ng for concatenated and
multi plexed coding schemes (soft dedsion). R — therate
of convolutional code; | — interleaving depth.

Ref. [49] addresses an isaie of Viterbi decoding of convolutional codes in the
stuation where the speal of a single deader chip is too low and multiplexed
deaders have to ke used. In the paper, two methods of multiplexing low speed
Viterbi decoders are ammpared. In the first, multiple encoders are used and the data
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analysis shows that thereis an irreducible outage probahility which depends on the
ratio of the rms delay spread to the equali ser span, seefig. 8.5.6.

-
18 2 5 3 o 10 12 14 16 18 20 22 24 26 28]
SR (68) ( ) SIR @B) (b)

Fig. 8.5.6  Outage probability vs. SIR, simplified channel model, (a)
sngle interferer, (b) two identical, independent
interferers, RDS values: 1: 70ns, 2: 60ns, 3: 50ns, 4:
40ns.

Proposed modulation schemes for ESARIT projed 7359 LAURA, emphasising the
synchronisation and training/acquisition properties are described in [45]. Three
different sequences are embedded in the data to indicate "start of burst”, "end of
burst" and at regular intervals for measurement of phase rotation rate (frequency
off set).

Simulations of the performance of synchronisation codes optimised for recovering
frame synchronisation in an asynchronous mesh network are described in [46].
Because HIPERLAN is intended to gperate without a central control station,
synchronisation must be rewmvered on a packet by packet basis, using
synchronisation sequences. The packet lossrate is afunction of the false acceptance
and false rejedion rates, which depend on the crrelator output threshold. The
stegonessof the airves indicates that the threshold level, set by the automatic gain
control (AGC), must be very accurate. A sequence length of at least 80 hits is
required to achieve a packet lossprobability of 0.5%.

Because a large part of the research presented within the WG3 activities was
related to the HIPERLAN standardisation activities, several papers were aso
presented at COST-231 where dther the HIPERLAN system proposed was
presented in general, or where the implementational aspeds of HIPERLAN were
discusd. In [47] the signal procesing hardware in the LAURA projed is
described, seefig. 8.5.7. The transmisgon rateis 15 Mbps. The GMSK modulator,
synchronisation circuits, equali ser and FEC decoder are described.
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In [41] a dedsion fealback equaliser (DFE) is considered and it is $own that the
number of forward taps has a profound influence on the maximum normalised bit
rate; an increase from 3 to 7 forward taps results in a maximum rate increase of
about afactor of 5, as diown in fig. 8.5.5.

It could also be noted that a significant improvement of the maximum normali sed
bit rate (maximum bit rate multiplied by the rms delay spread) can be obtained by
applying a high gain circular horn antenna & the base station or remote station
instead of a biconical horn antenna. The best results are achieved if the remote is
equipped with a circular horn.

856 HIPERLAN

In [42] the mnstraints on the doice of modulation scheme for HIPERLAN are
described. First, requirements for the modulation scheme are discussed, such as:
robustness to interference low hardware @mplexity, constant envelope and
amenability to low-complexity DFE structures. Some of these requirements arise
from the peak envelope power restriction and the requirement for uncoordinated
ad-hoc mesh networks. A steep spedral roll-off is required to accommodate four
channels in 100MHz bandwidth, and constant or near-constant envelope to avoid
the neal for highly linear amplifiers. Based on these aiteria, two modulation
schemes are sdeded: /4 DQPX and GMSK. It is concluded that the linearity
requirements of m/4 DQPX are too stringent for HIPERLAN, so continuous phase
FX isretained for further examination. Finally, GMSK modulation is $iown to be
agoad compromise in terms of spedral roll-off and IS].

In [43] the performance of the linear transversal equaliser (LTE) and the DFE is
compared with the matched filter bound in a wide band tapped delay line that
characterises the multipath fading in the indoor radio environment. Results ow
that the matched filter bound improves as the rms delay spread increases, and is
virtually independent of roll -off factor. DFE istypically 2 dB and LTE 5 dB worse
than the matched filter bound for the three delay spreads (50, 100 and 150ns)
considered by HIPERLAN. The performance of egualisation techniques for QPX
modulation with square roa raised cosine filtering was evaluated using Monte
Carlo smulations for the indoor channel. The channel impulse response mnsists of
128 independent taps with a uniform tap spacing of 7.8 ns. The ensemble average
power delay profile is assumed to be exponential. Taking into account LTE, DFE
and matched filter bound, the DFE closdly follows the matched filter bound, and
outperformsthe LTE.

In [44] the dfeds of a finite ejualiser span on the performance of aradiolink in a
delay spread channedl are analysed. The equaliser is assuumed to remove all 1Sl over
alimited equali ser range of delays (its gan). The residual 1Sl after the equaliser is
combined with co-channel interference to produce a probability of outage, defined
as the probability that the signal to interferenceratio (SIR) falls below 10 dB. The
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It was found that QC-combining shows superior performance ahancement
compared to unity gain combining. A significant improvement of performance is
achieved by QC-combining of a relatively small nhumber of antenna signals, and
small array dimensions. A four element antenna aray requires a circle with radius
of about & £, which is areatively small area & high frequency. Its performanceis
nearly equal to maximal-ratio combining with a dight deaease in performance for
low bit rates, however without the requirement of a priori knowledge of the dannel
impulse profil es.

8.5.5 Adaptive Equalisation

In [2] a prdiminary evaluation of the @pacity limitations on broadband indoor
networks was carried out for a single arrier indoor radio link within a typica
office eavironment (40x 60x 4) m° and refledivity of each wall equal to 0.2.
Within this room, mobil e stations are mmmunicating using antennas located a few
dedmetres abowe a table, whereas the base station antenna is located in the middle
of the room just beneath the celing. All antennas have omnidiredional radiation
patterns in the horizontal plane. The avail ability of the LOS path between the
transmitter and the recever was assumed. For this configuration the radio channel
information capacity was calculated. Evaluation of indoor radio channd
characteristics was based on power delay profile, i.e., magnitude squared of the
complex impulse response of the channel. The target throughput of 30 Mbps
(corresponding to a coded moving picture) was asaumed. Under the assumption of
the required bit error rate of 10°°, 8 Mbps is achievable without an equaliser,
30 Mbps transmisgon is feasible with a 3-tap DFE equaliser, or even 70 Mbps
transmisgon if a 7-tap DFE equali ser is used.

107

—— 3 frw taps
— 5 frw taps
- 7 frw taps

Average probability of bit error

0.01 [oR] 1 10 100

Normalized maximum bit rate

Fig. 855  Average probability of bit error versus normalised
maximum hit rate for various number of forward taps,
Room A.



450 Chapter 8

combining requires a priori knowledge of the complex impulse response of the
channel for each antenna element. A better result is achieved by Minimum Mean
Square Error (MM SE) signal combining, however here also a priori knowledge of
the channel's complex impulse responseisrequired.

A way of combining multiple antenna signals which does not reguire a priori
knowledge of the emplex channd impulse responses for the different antenna
elements was presented in [39]. The technique is based on quasi-coherent (QC)
combining of the dominant path of the signals recaved by M different closaly
spaced antenna e ements. Because of the small array dimensions, the dhannel PDP
isnearly equal for all antennas. The M antenna signals are phase shifted so that the
phases of the dominant path bemme nearly equal. Summation of these signals
results in coherent addition of paths which arrive from the same diredion as the
dominant path. Signals which arrive from other diredions will add incoherently.
Therefore, the dominant path is grongly enhanced compared to aher paths, and
the resulting PDP shows less delay spread and consequently has a more equali sed
frequency response. Coherent combining, which is the optimum case for this
scheme, requires exact knowledge of the phase of the dominant paths. However in a
practical situation these phases are unknown and have to be estimated. Therefore,
the term quasi-coherent combining is used.

The scheme of a coherent BPK receaver with QC-combining of multiple antenna
signalsis $own in Fig. 8.5.4. Remodulation is applied for carrier phase recovery,
by multiplying the delayed input signal by the estimated data. A delay time T, is
added to take into acoount the time required for optimum detedion of @ £]. In case
no errors are made, remodulation fully removes the modulation, and the result is a
clean carrier signal from which the reference phase is determined. In case of errors,
the fraction [J.-E..F‘ﬂ_fli of the total signal power is concentrated in the remvered
carrier [40Q].
Antenna#1

#

pelay (X
N
T

N
‘ Coherent BPS d(t)
E demodulator

Antenna#2

Fig. 85.4  Scheme of proposed BPXK recéver with quasi-coherent
signal combining.
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8.5.3. Multicarrier modulation

Several multicarrier schemes were proposed to ETSI RES-10 as candidates for the
HIPERLAN standard, and are summarised in [37]. The main reasons for rgeding
multi carrier schemes were mnneded with the high peak to mean power ratio. The
spedrum was allocated by the regulators under the @nstraint of a maximum
isotropically radiated peak envelope power of 1 W. This means that the average
power islimited to 1W divided by the number of carriers unlessthe peak is limited,
eg. by clipping, which leads to aut-of band radiation. As HIPERLAN is intended
for battery powered portable computers, it was desirable to use dficient ClassC
power amplifiers and this effedively pred uded multi carrier schemes.

A hybrid system incorporating multitone, DS and equalisation is dudied in [38]. A
bidimensional RLS (Reaursive Least Square) linear equaliser is described. At high
data rates, multi path propagation leads to ISl on individual carriers, and also cross
carrier interference (CCl). The eualiser is therefore a multiple input, multiple
output bidimensional device The structure an be smplified to a block diagonal
matrix. Simulation results are presented for a system operating at 10 Mbaud in the
5.2 GHz band, using 1, 2, 3, 8 or 16 carriers in a channd with 50 ns rms delay
spread, seefig. 8.5.3. A 7-bit m-sequenceis used as a spreading code for the single
tone system, with longer sequences for the higher number of carriers.

eeeeeeeeeeeeeeeeeeeee

@ (b)

Fig.85.3 BER for DSmultitone without (a) and with (b)
equali sation for different numbers of tones.

The positive dfed of increasing the numbers of tones is demonstrated, espedally
when no equalisation is used. It is noted that the multitone dfed is reduced by the
equaliser and that convergence problems may arise when the number of tones is
more than two.

8.5.4. AntennaDiversity

A wdl known way of antenna signal combining is maximal-ratio combining. This
however, is a narrowband technique which is optimal for the flat fading channe
and does not take into acoount intersymbd-interference (1Sl). Maximal-ratio
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classes of spread spedrum used in WLAN, Dired Sequence (DS) and Slow
Frequency Hopping (SHH), are ompared. The modulation scheme wnsidered is
differential BPXK. The interferer is considered as narrowband white noise source
(narrowband in the sense that the interferer bandwidth is lessthan the signal before
spreading or after de-spreading). The network topology considered is mesh (no base
stations and therefore no power control). SFH isfound to be more robust than DSin
the presence of narrowband interference, seefig. 8.5.1, but only DS offers any
advantage against multi path dispersion.

A DS system with a RAKE recever is considered in [36]. The cannel model used
is a discrete exponential power delay profile truncated at 30 dB power decay with
components at chip delay intervals. BP3X modulation is used with two
demodulation schemes, differential and quasi-coherent, and threedifferent methods
of combining the RAKE branch outputs (signal strength sdledion, equal gain
combining and maximal ratio combining).

An irreducible BER of 10° is achieved with normalised RDS up to 0.3, 0.7 and 0.9
for seledion, equal gain and maximal ratio combining respedively, seefig. 8.5.2.
This means that for 100 ns RDS, data rates of 3, 7, and 9 Mbit/s can be achieved.
DS WLANS use the lowest possble procesdng gain in order to maximise the
instantaneous data rate for the active terminal, typically using 11-chip Barker codes
as preading sequences. The bandwidth requirements for the systems abowe would
thusincreaseto at least 33, 77, and 99MHz. This processng gain is insufficient to
withstand interference from other users, so CDMA is not posshle, and the MAC
protocol isrequired to control accessto the channel.

0.1
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G— —© QCOH-SEL
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Fig. 85.2 Irreduwcible BER vs. NDS. DIFE differentia
demodulation; QCOH: quasi-coherent demodulation;
SEL: signal strength sdedion; EGC: equal gain
combining; MRC: maximal ratio combining.
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with the modulation index of p = 2.0 seans to dfer the best performance. The
results sow that, with a significant line-of-sight path present (LOS = 10dB), the
performance of the 8-ary GFXK system subjed to 15dB signal-to-co-channe
interference (S/CCI) ratio and with 13dB SNR can achieve bit rates up to
100Mbpsin large rooms, with as much as 90 ns rms delay spread, without the use
of adaptive techniques. The general conclusion is therefore that for systems with a
line-of-sight present (or one dominant refleded component) bit rates of 200 Mbps
can be achieved in quite large rooms by using suitable modulation techniques
(espedally wideband GFXK), without the need for diversity or adaptive
equali sation.

In [34] wideband measurements in eight indoor locations are described. The
objedive was to examine the propagation characteristics of mmw indoor radio
channels. In each area, measurements were performed for 20 randomly chosen
positions of the remote antenna. Gray-coded QP X modulation was used, without
any equalisation. The normalised bit rate (maximum bit rate, averaged over 20
locations, and multiplied by the rms delay spread) was calculated for the threshold
value of BER = 10°°. Finally, it was noted that the normali sed bit rate values do not
depend significantly on the cnsidered indoor area and the type of antennas.

8.5.2 Spread spedrum

DS AND FH PERFORMANCE PG=20dB

10

BER

[T SR \ ———————— \\

10°
v, dB

Fig. 851 DS and SFH performance, 20dB processng gain; y:
signal to interferenceratio.

Early WirdlessLAN products operated at about 1 Mbit/s in the Industrial Scientific
and Medical (ISM) bands around 902- 928 MHz and 2400- 2.4835GHz and used
spread spedrum to avoid interference It was therefore logical to investigate
whether these techniques could support higher data rates. In [35] the two major
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8.5 Transmisdon Performance Evaluation

Witold Holubowicz, EFP, Poland, Peter Smulders, EUT, Netherlands and
RamjeePrasad, DUT, Netherlands

The most important characteristic of the radio channd for high speel data
transmisgon is the RDS. Multipath dispersion produces an irreducible BER which
is independent of the signal to noise ratio and increases with increasing RDS.
Where no countermeasures are taken, as a rule of thumb, an irreducible BER of 10°
results from a normalised RDS of 0.1. This means that the maximum useable
transmisgon rate is 0.1/RDS. For 100 ns RDS, this is only 1 Mbit/s. There are
four main countermeasures that may be mnsidered: Dired Sequence Spread
Spedrum (DSSS with a RAKE recever, multi-carrier techniques such as
Orthogonal Frequency Division Multiplex (OFDM), Antenna Diversity, and
Adaptive Equalisation. All of these techniques have been considered in WG3, bath
singly and in various combinations, but equalisation has receved most attention.
This sdion addresses each of these techniques in turn, leading to further
eaboration of the equali ser approach in the cntext of the HIPERLAN standard. It
ends with some material on synchronisation and channel coding for wideband
systems.

8.5.1. Early PerformancePredictions

In [32], the design of awirdessindoor transmisgon chain with 10 Mbps bit rate at
about 30 GHz is described. Different techniques are discussed that all ow such high
rates to be achieved within buildings. proper choice of multi ple accessmethod, use
of higher level modulation, adaptive ejualisation, antenna diversity, and frequency
diversity. First, a comparison between CDMA and narrow-band transmisgon is
carried out. It is shown that for the spreading factor of at least 250 and 20 sers
each transmitting at 10 Mb/s, the transmitted signal would have too large spedrum
and the spread spedrum approach was therefore not further pursued. A more
promising approach, acoording to the authors, was a single-channel-per-carrier
(SCPC) FDMA system for the uplink and multicarrier FDM for the downlink.
Apart from the mohile-to-base and base-to-mohile mnnedions, another layer of
radio links is also asauimed: between the base stations and one central station in the
company. Different solutions for communication in that layer, based on demand-
assgnment SCPC/FDMA are also proposed. According to the authors the system
proposed is a good compromise between spedral efficiency and relatively low cost.

In [33] the authors present results of simulation and analyses concerning indoor
signal transmisson in the presence of co-channd interference from the adjacent
room in the one cdl per room scenario. The performance of MPXK, narrowband
GFX (p = 0.5) and wideband GFX (p = 2.0) is considered. Error performanceis
calculated for exponential PDP modds in the presence of co-channd interference
modelled as AWGN. Amongst the modulation systems considered wideband GFSK
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Results (CIR) from this tod were dedked against measurements [30] showing that
this approach is corred. Fig. 8.4.3 shows a comparison of results for one of the
streds, stred 'A" which has trees bath in the midde and on the sidewalks. In
general goad agreament is observed, with the exception of the 90% SDW. This can
be understood as this parameter is very senstive to refleded rays with low
amplitude, therefore presenting large differences between model and redlity.
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Figure 8.4.3 Comparison between ray-tracing and measurements, of
statistical parameters ( measurements,
simulations)

One of the main conclusions is that simple ray-tracing can be used to estimate
channd characteristics, bath for narrow and wideband systems. Several
improvements are being considered for further study, such as the inclusion of motor
traffic.
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recever antenna, all vertically polarized with vertical half power beamwidth of
20°. The height of the recéver antenna in all outdoor measurements was 2.2 m,
and the transmitter antenna height was generally around 4m.

Results from these measurements are summarized in Table 8.4.2. 50% and 9%
values from cumulative distributions of the thannel parameters are tabulated. In
Figure 8.4.2, 'stred A' scenario is shown together with a sample of an impulse
response.

For outdoor scenarios the main conclusion is that city streds do not normally
represent a severe multi path situation, values of DSand 90% SDW being typically
lower than 20 ns and 50ns respedively. The dimensions of a city square,
typically being larger than the dty streds, result in a much larger dispersion. In
this case, the 90 % SDW may be 150ns or more. A road tunnel represents a very
homogenous stuation and has many similarities to the dty stred environment. A
parking garage represents a bad multi path situation because of the large dimensions
and the relatively smoath surfaces creating strong refledions.

Impulse response

Relative pouer, dB-scale

H—t—H T T T T T T T
o 50 10 150 200 25 300 350 400
818 36m Wetter s s ds

Figue8.4.2 Streda plan and sample CIR for 'stred A' (circles
represent trees; arrows Al and A2 represent mohile
movement; shadowed areas are buil dings)

Besides the model for the average recaved power, a modd for characterization of
the signal in terms of fading depths and duration and of wideband parameters (MD,
DS, etc.) is neaded. A ray-tracing tod was devel oped [31], with the following main
features: it acoounts for dired and refleded rays (up to the third order), negleaing
diffuse refledions and dffractions; rays are interrupted by non-refleding objeds
like trees (measurements have shown that diffuse refledion from ftrees is
negligible).

The scenario is described as a didedric canyon, having rough surfaces.
Polarization and radiation patterns of bath transmitting and recaving antennas are
taken into consideration. This tod, more @mmplex than the previous ones, is
intended to simulate signal behaviour in outdoor scenarios, more spedfically in
urban streds, alowing the estimation of bath narrow and wideband channe
characteristics.
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shortest portion of the CIR containing a certain percentage of the total energy,
which is believed to be a better measure than DW, e.g. when judgng equali zer

performance
R| S E 90% 90%
t (o n MD DS 9 dB DI DW SDW
e e v [ng] [ng] [ng] [ng] [ng]
n. | W | C |50%|90%|50% | 90% | 50% | 90% | 50% | 90% | 50% | 90%
Al|l ST| 36 s| 10.2| 13.7| 7.6|165| 10f 25 20| 35| 10| 25
B1| ST| 23 s| 7.8|105| 4.2| 6.5 5( 20| 10| 20| 10| 20
C| ST| 20 n| 93|161| 84(131| 15| 35 20[ 40/ 15| 30
D| ST| 19 fl 9.0/142| 6.8[118] 15| 30| 20[ 35 15| 30
E| ST| 14 f| 57|111| 3.6|126 5( 20| 10| 35| 10| 20
F| ST| 13| m| 65[/206| 3.6{483| 10| 35/ 10| 80| 10| 40
G| ST| 27| m| 6.2[114] 46| 160 5( 20| 10| 50| 10| 20
H1| SQ| 100 f| 225/ 655|319(552| 25| 130] 95| 155/ 55| 125
H2| SQ| 100 fl 115]39.1| 20.1| 60.2 5( 135 10| 160] 10| 140
Il SQ| 70 fl17.3] 622|281|76.6] 10| 150 55| 195| 15| 150
J1| SQJ| 100 s| 17.4| 49.2| 40.8| 92.2 5( 150 45| 270] 10| 135
J2| SQ| 100[ s|195[570|37.8{837| 10| 200[ 90| 220[ 15| 160
K1 T|] 15| m|109|171] 6.8| 115 15| 30| 20| 35| 15/ 30
N G| 67 n|37.0| 746| 384| 61.2| 40| 160| 115| 175/ 55| 145
Table8.4.2 Main figures from the wideband measurements

(Scenario: ST = dred, SQ = square, T = tunnd, G =
garage, Env.: W = width of stred or tunnel, or largest
dimension of city square or parking garage, C = moving

cars. n = nong, f = only afew, s= some, m = many).

The measurement campaigns that started early 1994 include wideband channel
soundings and wideband path loss measurements in city streds and squares in
downtown Oslo, a road tunnel and a parking garage, [29], [30]. A 90° horn was
used as transmitter antenna in all measurements, and a biconical horn was the
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Rain can play an important rolein cdl coverage reduction, sinceits attenuation can
reach values larger than those of oxygen, depending on the rain rate (18 dB/km for
50 mm/). Oxygen and rain attenuations cannot be negleded if large distances (~1
km) are to be mnsidered, but for calculations within cdls (with ranges less than
200m), they may not be of great importance

The average receved power can be etimated by combining the expressons of
amost freespacereceved power with the attenuation by oxygen and rain. Thus the
total recaved power is given by:

Pr=Pt+ Gt + Gy - 32.4 - 10q log(d) - 30u - 2010g(f) -¥rd-¥od  (8.4.5)

where P¢ isthe transmitted power (dBm), Gt, Gy are the transmitter and recever
antenna gains (dBi), and disthe distance (km). Thevaluefor m hasto be chosen
with some are, depending on the spedfic application intended for the model. This
expresgon cannot be used for very small distances where the antenna radiation
patterns will have a great influence This model agrees very well with the data
from [23], giving a maximum 2 dB error in the estimation of the receved power.
Comparison with the data from [24] also leads to good results. However, note that
the measurementsin Table 8.4.1 have a maximum range of 200m. Thereisa ned
for more measurements over a larger range, to ched the model for distances up to
2 or 3 km (necessary at least for interference @ culations).

8.4.2 Wideband Characterisation

When designing the air interface reiable information about the propagation
conditions is of vital importance Since little work had previously been published
on propagation measurements in the mmw band, measurement campaigns with a
60 GHz channd sounder were performed by Telenor R&D. A channd sounder
based on correation, transmitting a digitally generated frequency swee, was
asembled [28]. The receved signal is digitized and stored, and then correlated
with a Taylor weighted version of the transmitted sweep. Diversity measurements
are possble, since the input from two antennas can be synchronously sampled.
Several hundred impulse responses per second may be transferred to the PC, or the
recever may calculate delay-Doppler spedra based on successve responses and
transfer these spedra to the PC. The RF center frequency is 59.0 GHz, with a
maximum bandwidth of 200 MHz, corresponding to a best resolution of 5 ns.
The output transmit power is 500 mW.

The basic wideband measurement is the channel impulse response (CIR) which isa
time function of the receved signal, showing the arrival times of the different radio
paths. This type of measurement is very well suited to describe multipath
phenomena. From the CIR measurements sveral parameters may be etracted,
and they may have different significance when describing the dannd or for the
design of a mohile syssem. Mean delay (MD), delay spread (DS), dday interval
(D), and delay window (DW) are defined in [9]. A new delay window parameter,
the diding delay window (SDW) was introduced, defined as the length of the
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for choosing the 60 GHz band. Other factors can affed wave propagation, but they
are not considered here: water vapour absorption can be negleded, since its
attenuation coefficient is of the order of 0.1 dB/km; fog, hail, snow, sand, etc. are
not very well studied, but their influence @n also be negleded, ether because the
attenuation coefficient is very low, or because they occur with very low probability.

Scenario Gain [dBi] Height [m] d[m] o
TX Rx TX Rx

Open area (gras9 [23] 20 6 15 15 200 2.3
Open area (asphalt) [27] 17 | 15 5. 15 | 200 | 2.0
Open area [2]] 2.2"
Urban Stred [22] 17 | 15 5. 15 | 120 | 2.2°
Campus gred [24] 6 20 15 2. 120 21

5.5 120 2.3
Tunne [22] 17 15 | 15 | 15 | 200 | 25"

Table8.4.1 Power-distance decay rate at mmw in outdoor scenarios
(* -- estimated from figure)

An expresson for the oxygen absorption has been devel oped, based on [26]

[15.10- 0.104(f - 60)3-26 (60% f 5 63
Yof) = 4 (8.4.1)
11135+ (f - 63)2-29-533(f- 63127 (635 fg 66)

Where f is the frequency in GHz. This gedfic attenuation due to axygen, ¥o
(dB/km) can take rdatively high values at 60 GHz (around 15 dB/km), but it
deaeases an order of magnitude when the frequency is near 66 GHz. This
deaease must be taken into acoount when the frequencies are dhosen for the up and
down links, espedally if the distances are greater than 1 km.

Rain attenuation can also be of some importance at the mmw band, depending on
therate, R (mm/ir). The mode given by ITU-R [27] isused,

%(f, R) = k() R&M (8.4.2)

where ¥y (dB/km) is the spedfic attenuation due to rain, k(f) and a(f) are
approximated by:
k(f)

a(f)

101.203Iog(f) -2.290 (8.4.3)
1.703- 0.493log(f) (8.4.4)



440 Chapter 8

Simple ray-tracing tods have been developed [21], [22], acoounting only for dired
and refleded (up to the second order) rays, scenarios were mnsidered to be as
smple as possble, negleding any oljeds (for instance streds are mnsidered as
didledric canyons). Comparisons of measured and simulated results, of which Fig.
8.4.1 is a good example, show good agreement indicating that refledions of third
order, or higher, and dffraction can be negleded, as far as modeling the variation
of power versus distanceis concerned.

According to simulations, frequency or space diversities mitigate fading effeds,
deaeasing the fade depths by several dB. Sdledive mmbining of two a more
frequencies (with a separation of the order of 1 GHz) shows that diversity is more
effedive for lower frequencies (10 GHz compared to 60 GHz). Sededive
combining of signals from two antennas sparated by 1 m (much more than the
correlation length at mmw) show similar improvements.

The models used at UHF for the decy of power with distance usually have the
dope dependent on the environment and on break-point distances. They are very
simple models based on the interference of a dired and a ground refleded ray,
leading to a simple dependence of the power on distance d, of the type 10
a log(d), a being the deay dope. It iswell known [9] that a two ray moddl |eads,
under conditions that are usually verified, to a fourth power law, rather than the
square law found in freespace One of the @nditionsto be satisfied is that the path
length difference between dired and refleded rays is lessthan /2, which defines
the break-point distance dpp =4 ht hy/a (ht, hr being the recever and transmitter
antenna heights) beyond which the fourth power law can be used. Such a mode for
the mmw band requires the evaluation of the break-point distance and an
environment clasdfication according to the different values of w. Asaming a
frequency range [60, 66] GHz, and hr = 1.8 m, ht e [5, 50 m, dpp & [7.2, 79.2]
km, which is far beyond the expeded maximum range for the cél radius (up to
0.5 or 1 km). This meansthat it is not expeded to have the fourth power law at
mmw band, and that a will be dose to that of free space (a = 2), which is
confirmed by the few results from measurements available in the literature, see
Table8.4.1.

Thevalueof u does not sean to depend only on the scenario, sinceavalue of 2.3
isfound in an open spaceas well asastred. Therangein which a variesis not
very large[2, 2.5]. The antenna height seamsto influencethe value of o (but note
also the influence of the radiation pattern, when the antenna is very high). The
value of a will, of course, be of greater importance for larger distances, since
larger values of s contribute to afaster decy of the power.

The model developed for the mmw band (60 - 66 GHz) [25] includes two additional
terms, compared to the UHF band, besides the usual term related to the dope of the
power decy with distance one to acoount for oxygen absorption and the other for
rain attenuation. These terms are negligible in the UHF band, but cannot be
negleaed for higher frequencies. Moreover, oxygen absorption is the main reason
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Measurements play an important role in propagation modelling at all frequencies,
being of extreme importance at the mmw band since there are not many results in
the literature, and the relative importance of many phenomena need to be darified
by an experimental procedure.  Therefore, measurement campaigns were
undertaken in different outdoor scenarios (streds, open squares, highways, tunnels,
airports, etc.).

84.1 Path LossModeling

Estimation of power for coverage or interference @lculations is esential in every
mohile system. At the UHF band several types of models have been developed,
using dfferent approaches, from which two categories can be mnsidered: 1) decay
of the average power with distance, depending on several parameters of the system
and environment (like base station antenna height or stred width), and 2) ray-
tracing on 3D models of the scenarios under analysis, demanding a very accurate
knowledge of the daracteristics. These approaches have also been used at the
mmw band.

Both narrow and wideband measurements have been conducted in several outdoor
scenarios in the mmw band. Initially, narrowband measurements of power versus
distance were performed [21], [22] in scenarios chosen so that very different cases
were mnsidered: airport field, urban stred and city tunnel. In all cases, results
show an interference pattern, typical of those associated with the sum of several
rays, suggesting that ray-tracing techniques can be used to model the propagation
phenomena. Results were aompared with ray-tracing tods.
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Figure8.4.1 Comparison between measured (a) and simulated (b)
power in acity tunnd at 60 GHz.
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maximum values for NRP and RDS for the sechic stup are not so extreme. The spread
in NRPvaluesis sgnificantly lower.

+ LOS A OBS

Normalised received power (dB)

-8 r A *MA%*MQN .

-100
10 20 30 40 50 €0

Rms delay spread (ns)

Fig. 8.3.13 Reaults for the low refledive room with bic-bic setup
under LOS and OBS conditi ons.

With resped to the bic-bic setup, in contrast with the secsec and sechic setup, an
increase in antenna diredivity yidds an increase of the RDS values. Fig. 8.3.13 dpicts
theresults oltained with a9 dBi biconical horn at each end for bath LOS and OBS. The
differencesin NRP values between those two cases are only afew dB. Thisindicates that
the bic-bic setupis highly insensitive to LOS olstruction. Furthermore the low spread in
NRP vauesis griking. It demongtrates that with the appli cation of properly dimensioned
biconical horn antennas, an amost uniform coverage within the baundaries of an indoar
cdl can be achieved.

This phenomenon is explained by the fact that for larger separation distance the @r-
responding larger freegpace loss is compensated by the devation dependence of the
radiation patterns [18]. The amilarity between LOS and OBS and uniformity in
coverage is also found for the highly refledive roam with dightly higher worst-case
vaues of abaut 55nsRDS and -72 BB NRP.

8.4 Outdoor Radio Channel

LuisCorreia, I ST, Portugal, and Per L ehne, Telenor, Norway

The use of the mmw band in an outdoor environment has been proposed for mohile
applications, eg. car to car and fixed roadside cdl to car communications, and
communication between TV cameras and a central control room [20]. Particular
interest has been devoted to the oxygen absorption band, [57,63] GHz, where the
spedfic attenuation is greater than 11 dB/km, thuslimiting the cdl radius to a few
hundreds of meters, and enabling efficient frequency re-use. The work carried out
on propagation modelling concerns two different topics: path loss modédlli ng, for
the estimation of cdl radius and carrier-to-interference ratio, and impulse response
moddling, for evaluation of the wideband radio channd characteristics.
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radiation beam of the sedoral horn at the RS. In the bic-bic setup bath biconical
horn antennas are radiating in the horizontal diredion.

With resped to the secsecsgtupit could be observed that 25.1 dBi sedoral horns at bath
endsyidd the lowest RDS values and the highest NRP values when compared with the
other configurations, provided that there is no olstruction of the LOS path and the
antenna beams are &actly pointing towards each other. The secsec setup is however
highly sensitive to LOS obstruction and migpointing. This is illugrated in Fig. 8.3.11
and Fig. 8.3.12, respedivey. which show the NRP versus RDS for every pogtion of the
remote station. The @mbination of LOS obstruction and 5+ mispointing results in a
fairly uniform spread in RDS and NRP. A higher refledivity of the walls results in
higher NRP values aswell ashigher RDS values.

o Base: 25.1 dBi Base: 16.2 dBi Base: 9.1 dBi
A Rem: 25.1 dBi Rem: 16.2 dBi Rem: 9.1 dBi
3
g -s0
a
°
[}
=
@
8 =170 A
o L A A
E ty o0 g Ha%A 4+ 4
@2 + F of0, pat [
= & D,:p N o+
E =90 &4 +a =] o £ o
S * a +
> T+ A
+
=110
[ 10 20 30 40 50

Rms delay spread (ns)

Fig. 8.3.11 Resultsfor the low refledive environment with "secsec'
setup and obstructed LOS.

Base: 25.1 dBi Base: 16.2 dBi o Base: 9.1 dBi
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Fig. 8.3.12 Resultsfor the low refledive environment with "secsec'
setup and 5+ pointing error.

Aswith the secsecsetup the bic-secsgtup is endtive to otstruction of the dired ray and
mispointing. The difference with the secsecreaults is however that the minimum and
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The antennas implemented in PROSIM are smoath walled sedoral horn antennas and
biconical horn antennas. In contrast with the omnidiredionaly radiating biconical
horns, sedoral horns producehighly diredive radiation beams. To examine the influence
of diredivity antennas are implemented with various values. The diredivity of the
biconical horns was in the range 6.9 to 12.7 dBi whereas the diredivity of the sedoral
hornsranged from 9.1t0 25.2 dBi.

Smulations were performed for the three different antenna sstups depicted in
Fig. 8.3.10. Fig. 8.3.10a shows the antenna setup with asedoral horn at bath the RS and
BS, denoted as“secseC’. Fig. 8.3.10b depicts the “sechic” setup with a sedoral horn at
the RS and a biconical horn at theBS. Fig. 8.3.10c shows the “hic-bic’ setup with
biconical hornsat bath the RS and BS.

é}ﬁ

(a) sec-sec

o
M Base Q
|—_'—| Remote Remote %
(b) sec-bic

o

Base

( >I%I< ) Ce<D
Remote Remote |_—I_|

(c) bic-bic

Fig. 8.3.10 Simulated antenna setups.

The sedora hornsin Fig. 8.3.10a ae pointing towards each other, eventually with
a certain amount of mispointing in order to examine the dfeds of pointing errors.
The orientation of the aror angles at the RS and the BS are mutually independent
and randomly chosen. In the sechic setup the sedoral horn at the RS is pointing
towards the biconical horn. Here, pointing errors are only introduced in the
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8.3.4 Deterministic modeling

Ray-tracing programmes are used extensivey for the ecamination of radio propagation
characterigtics. In order to investigate the propagation characterigtics in an indoar
environment various agorithms were devdoped taking into acoount the dfed of
transmisgon through walls and polarization. More sophigticated techniques have aso
been devel oped incorporating the dfeds of diffraction.

For amulation of theindoar propagation of mmw, the smulation package PROpagation
SIMulation (PROSIM) has been developed at the Tdlemmmunications Division of the
EUT. The basic algorithms and procedures underlying the smulation package are based
on Geometrical Optics (GO). This means that the ray-tracing algorithm applied traces
posshle rays between tranamit and receve antenna acoording to Snell'srefledion law.

Calculation of mmw propagation on the basis of GO yidds a good compromise between
acauracy and complexity [19). Usng GO means that ray paths are @ culated aong
which dedromagnetic power travelsfrom tranamitter to recéver. Fresnd refledion coef-
fidents are applied, dedromagnetic fidd polarization dtates consdered and rays
weighted with the radiation patterns of the transmit and receve antennas. PROSIM only
condders the refledivity of walls and objeds (eg. furniture) but not the transmissvity.
Thewalls (and windows) of the room are assimed infinitely thick and the oljeds within
the room do not alow an dedromagnetic wave to trave through them. The room and
the oljeds within are represented by smoath faces. Objeds are assimed to stand on the
floar and can be arbitraril y orientated with resped to the horizontal plane.

Antenna diredivity functions can be entered in formulaform or stored in alodk-up table.
Thelatter enables the use of measured datawithout data reduction. Two types of aperture
antennas are onddered: 1) sedora horn antennas and 2) biconica horn antennas.
Radiation patterns of bath these antennas are stored.

With the biconical horn antennas the acauracy of the applied GO modd has been
examined by comparing smulation results with measurement results, and good
agreement found [19]. The use of PROSIM was continued for a more thorough
examination of theinfluenceof the ewvironment and antenna characterigtics on NRP and
RDS.

The rdation between NRP and RDS and the shape and orientation of antenna radiation
beams has been evaluated under bah LOS and OBS conditions. To examine the
influence of wall refledivity two rooms are mnsdered having dmensions smilar to
those of Environment A. Oneroam haslow refledive walls (10 dB return lossat perpen-
dicular incidence) whereas the second room has wallswith high refledivity (1.5 dB). In
bah roams the BS recave antenna is located at 3 m height in the midde of the room
and the RS tranamit antenna is placed a 1.4 metres height at 24 randomly chosen
positi ons throughout the room (as with the measurements). For every postion of the RS
antenna the impuse response was calculated. The NRP and RDS were derived from
esch oltained profile
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excluded that have amplitude values more than -20 B below the highest ray
amplitude.

In calculating the average power dday profile (PDP), each individual PDP is weighted
by its normali zed receved power value. This is done because a single PDP should not
dominate in the average PDP. Three eamples of average PDPs are shown in Fig. 8.3.9.
These profiles have been oltained in the ewironments F,G and H. They are typical for
all measurement subsets ohtained. A typical PDP can be moddled by a LOS ray foll owed
by a congtant-level part uptox = 60 nswhich in turn isfollowed by alinear deaease (of
dB vaue) down to the noisefloar.

Relative average received power (dB)
|

0 100 200 300 400

Excess delay (s

Fig. 8.3.9  Example of an average PDP.

The normali zed recéved power of the LOS component can be @l culated using theradio
equation. OBS stuations can be moddled by completdy omitting the LOS component.
The mnstant level part is caused by the devation dependence of the antenna
radiation patterns and the height difference between the transmit antenna and
recave antenna. The pulses in a response that immediately follow the first pulse
(LOS pulse) are likely to come from single refleded rays. This suggests that the
difference between the height of the first LOS pulse and the height of the @nstant-
level part is determined by the average return lossof the dominant wall partiti ons.
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The mmplex equivalent lowpassimpuse response of a millim etre wave indoar radio
channd can therefore be onsdered asdiscrete.

It is asuumed that the amplitude statistics of refleded rays follow a Rayleigh
distribution. This assumption was verified with a goodnessof-fit test, conditi oned
on the event that a ray exists. LOS rays were excluded. Data values that are not
reagnized as refleded rays are not taken into account and each deteded ray is
represented as a single point having a particular amplitude and excessdelay in the
impulse response. With this approach a meaningful amplitude distribution for each
measurement subset is obtained since ech resulting sample set contains only "non
zero' ray amplitudes. Hence the test can be utili zed to model the ray amplitude
generation processindependent from the ray arrival process

-80

-100

-120 1

Relative power (dB)

-140 ! !
0 100 200 300 400

Excess delay (ns)

Fig. 8.3.8  Example of measured impulse response.

A reasonable asaimption for the ray phases is that they are mutually independent
random variables which are uniformly distributed over [-18C%180%. This foll ows from
the fact that the ray phase is criticall y sensitive to the path length, changing by 360+ as
the path length changes by a wavdength, or only a fev mm. The assmption of
uniformly distributed ray phases was chedked for all measurement subsets and found to
betrue

The interarrival time pdf's were subjeded to a MMSE test. (A chi-squared
goodnessof-fit test failed to yield significant results because of the limited number
of interarrival time dasses). Good correlation coefficients between exponentia fit
and empirical frequency distributions were found. The mean interarrival time is
most reliably characterised as being 1 to 3 ns with the proviso that those rays are
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decy rate exponent were typically much smaller (<0.5) than those reported for indoar
UHF radio channdls. This is becuse this parameter is not only determined by the LOS-
distance but by the antenna-gain function in devation aswdl [18].

Fig. 8.3.7 shows the awmulative digtribution functions of rms delay spread (RDS) values
for bath LOS and OBS-stuations. Rms delay spread values tend to increase with the
increasing refledivity of thewalls. Rms ddlay soread values in the small Environment F
with metal walls (0 dB return losg are even larger than in the large eavironment B with
concretewalls (2 dB return loss.

Furthermoreit is dear from Fig. 8.3.7, that the rms ddlay spread isfairly independent of
the separation distance within each environment. Blocking of the dired path does not
necessarily imply that rms delay spread has to increase; dightly higher and lower values
for OBS-gtuations are observed in Fig. 8.3.7. Vaues between 10 ns and 100ns have
bean found.
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Rms delay spread {ns)

Fig. 8.3.7  Cumulative distributions of RDS in large rooms, hall and
corridor.

833 Statistical Modeling

The measurement results can be used to describe theindoar radio characteristicsin terms
of gatigtical digtributions and moments of the detail s of the mmplex equivalent low-pass
impuse response. In Fig. 8.3.8 an example of an olbserved low-passimpulse response is
shown (magnitude only). Individual rays could be deteded by blocking the associated ray
by an absorbing mat, while other rays were not noticesbly influenced. This fiowsthat a
millimetre wave indoar radio channd is esentialy a multipath channd. Hence
millim etre waves are sufficiently small to be moddled as rays folowing dscrete paths.
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The wideband measurements were @arried out in eight different indoar environments at
the Eindhoven Universty of Tedinology, denoted A to H, seetable 8.3.1. Each conssts
of asingle roam, corridor, or hall, because millim etre waves are severdy attenuated by
most inner walls. In each room at least one series of measurements at 57-59 GHz was
conducted a randomly chosen postions of the RS throughout the room. The RS
transmitting antenna height was 1.4 m abowe the floar. The BS recaving antenna height
was 3 m. The BS was placed in the cantre of the room. Both antennas were leveled
horizontally at every measurement paosition. The impulse responses were measured at
about 20 pogtions of the RS, with the BS fixed, in each environment.

Owing to the difference in height between the RS and BS antennas, the path lossis
partialy compensated by the antenna radiation pattern in eevation. Hence the receéved
power does not depend significantly on the horizontal pogtion of the RS.

B: ALOS C: LOS ———— D: +LOS E: oLOS ———
AOBS —— oBS ———— +0BS oOBS

Normalised received power (@B)

LOS distance (m)

Fig. 83.6  NRPinthelargerooms, hall and corridor.

Fig. 8.3.6 shows gatter plots of the normalized recéved power (NRP) versus sparation
digancefor bah line-of-gght (LOS) and obstructed (OBS) stuationsin the large rooms,
hall and corridor. Thevaluesfor OBS are derived from the time-domain data base under
LOS conditions by mathematical removal of the dired ray. This method is justified by
the eperiencethat blockage of the dired ray by a person or cabinet caused a total drop
of theLOSray. Thelinesarelinear fits based on the minimum mean square aror. High
vaues are found for environments with highly refledive (metal) oljeds and metal walls,
whil ereativdy low values are found in environments with only low refledive materials
like woad. Thefact that differencesin receved power between LOS and OBS-situations
areonly small (afew dBs a maximum) indicates that coverage is maintained under the
cdrcumgtancethat the dired LOS-ray isblocked. Measured values of the power-distance
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Fig. 835  Setupfor wide-band measurements

The impulse response of an indoar radio channd is greatly influenced by the type of
antennas used. These should be regarded as part of the indoar channd. For the
experiments two identical biconical horn antennas were engtructed, based on a design
described in [18]. These antennas exhibit an omnidirediona radiation pattern in the
azmuth plane and a torroida beam in the devation plane. The 3 dB devation
beamwidth was 9%, and the diredivity 9 dB.

Room | Dimensions (m) Shape Comments

A 24.3z11.2:4.5 Cubaod Empty, 1 dasswall, others wood
B 30.0=21.0=6.0 Amphitheatre | Cushioned chairs

C 43.0z41.0=7.0 Complex Plastered concrete wall s, cdling
D 335232.2:3.1 Complex Metal computer cases

E 44.7x 24231 Corridor Metal wall's, empty

F 9.9z 8.7z3.1 Cubaod One side glass others metal

G 12.9= 8.924.0 Cubaod One side glass others woad

H 1135 7.323.1 Cubad One side glass others plaster

Table8.3.1 Wideband Measurement Environments
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Measurements at 60.5 GHz have been performed by France Telecom CNET [13] at
22 positions on a 1 m grid in an empty room with dimensions 6z4.7<3 m°, see
figure 8.3.4. Using a narrow beam antenna and a rotating positioning system at the
recaver, DOA results and wall refledion coefficients were found. For all

measurements, the height of the transmit and recave antennas was 1.5 m. A wide
beam antenna, having a 3 dB aperture around 70, was used at the transmitter. At
the recaver a narrow beam antenna with 3 dB aperture dose to 4.4* on a 2D
rotating system was used. Measurements were made at 1+ intervals © that every
DOA could be found.

The dired ray is clearly dominant for each recaving position in the room. The
number of significant rays depends on the receving position. For positions in the
middle of the room, the number of significant receved rays is important. For these
cases, contributions arrived from each wall in the room with about the same path
lengths. In addition, becuse of the larger beam transmit antenna, each wall
receved dred contributions coming from the transmitter. Hence the situation is
ideal for multi path propagation.

At other positions the number of significant rays is less Where the recever was
close to walls, only the first order refledion is sgnificant. The path length of
seaond and third order refledions are spedally large for these positions.  Finally,
for positions where the transmitter was not sighted dredly towards the doser walls
and the path lengths of all refleded rays are very long, semnd and third order
refledions can be significant.

8.3.2 Wideband Measurements

The main purpose of wideband measurements is to characterise the dispersive
nature of theradio channel, in order to dimension the equali sers that will be needed
to owercome these dfeds. It is also useful, however, for taking signal strength
measurements which are not subjed to degp Rayleigh fading. Many techniques
exist for wideband measurements, but for the indoor application, where distances
are small and the dhanne can be made static, swept frequency measurements are
invariably used. This permits much wider bandwidth, and hence finer delay
resolution, than any other technique.

The sysem for performing the wideband measurements was built up around the
HP8510C vedor network anayzer, which performs the frequency-domain
measurements of the mmplex channd transfer function. The network analyzer controls
an RF source which gteps through the frequency range from 57 GHz to 59 GHz in 801
equally spaced steps. The resulting i as-freerange in the time-domain is therefore (801-
1)/(2 GHz) = 400ns. A schematic diagram of the setup is depicted in Fig. 8.3.5. With
the applied Kaiser window atime-domain resolution of 1 nswas achieved.
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Figure 8.3.3 shows results derived from the Doppler spedrum technique of
Deutsche Telekom. Note that the pattern is ymmetrical about the path taken by
the antenna, but only one of each par of lobes represents a real path. This is
because the technique @n only measure the angle from this line and therefore the
diredion can lie anywhere on a cone.

Fig. 834  Measured DOA distributions, 10dB/circle (CNET).
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Fig. 8.3.2  Measured DOA distributionsin alaboratory.

The levd of link improvement achievable by usng antenna steeing in the azmuth
plane @n be etimated by calculating the DOA pattern gain. The gain is caculated by
dividing the maximum pegk of the pattern by the average recéved power.

Acoording to 27 measured DOA patterns the gain is better than 8.4 dB for a probsbility
leve of 90%.

Network
Analyzer cup board

Fig. 8.3.3  Diredion of arrival from Doppler Spedrum
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Fig. 8.3.1 Path-lossversus distanceat 1.7 and 60GHz.

Diredion-of-arrival (DOA) measurements have been performed by TUE, VTT, and
CNET using the same type of measurement system, but with a different antenna &
the RS. This antenna has a narrow beamwidth (5%) in bath vertical and horizontal
planes. The antenna is rotated through 36G whil e path lossbetween the RS and BS
is measured. Deutsche Telekom, on the other hand, used a synthetic aperture
approach with an omni-diredional antenna moving along an accurately defined
track [17]. The DOA data can be used to investigate individual signal paths and to
asessthe advantage that can be achieved by using the steeaed high-gain antenna. If
the DOA pattern shows distinctive peaksit is clear that the path losscan be reduced
by steering a high gain antenna towards the maximum peak.

Typica measured DOA digtributionsin aroam of size 11x13=3 m® in alabaratory roam
are shown in Fig 83.2. in the roam there are open shdves with metallic supporting
gructures and cupbaeards entirdy made of wood. The DOA plots condst of two lines.
The thin line erresponds to a measurement in which the RS antenna is rotated in the
azmuth plane. The thick line refers to a measurement in which the RS antenna is
dightly devated sothat it ispointed dredly at the BS antenna. Sliding average has been
applied to remove fast fading.

At the point RSL1 the dired path is blocked by a cupbaoard which introduces an additi onal
lossof about 20 B tothe signal. It can be seen that the signal consits of severd paths of
the same order of magnitude. It isinteresting to note that the signal level in any diredion
is very sengtive to the vertical orientation of the antenna. Therefore, manua or
automatic seeing of the antennain bath vertical and horizontal planesisuseful in aresl
system implementation.

At the point RS2 there is a dired line-of-sght between the antennas. In this case only
two dominant sgnal paths can be identified: the dired path and the wall refleded peth.
Therefleded peth isin this case very strong because thewall contains metalli ¢ plates.
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One may conclude that for indoor systems the same frequency can be used in all
rooms, asaiming that there will be no glassor plasterboard wall s to separate them,
in which case different frequencies will be neaded. Co-channd interference
between indoor and outdoor systems will always be a problem, since glass is
generaly used in buildings (at least for windows), and the usual thicknessof this
material is not enough to isolate the two environments.

8.3 Indooar Radio Chann€

Peter Smulders, EUT, Netherlands and Stephan Guérin, CNET, France

Indoor propagation measurements have been reported to WG3 by Tednical
University of Eindhoven (NL) [15], [16], VTT (Finland) [12], Deutsche Telekom
[17] and France Tdecom [13], and simulation results by the universties of
Eindhoven, Ulm (D) and Aveiro (P). The bulk of this sdion is based on [16],
which represents by far the largest contribution.

8.3.1 Narr owband Measurements

Narrowband measurements are not able to discriminate the multi path dispersion in
the time domain, and are therefore limited to path loss and dredion of arriva
measurements. Path-loss measurements at 60 GHz have been performed with a CW
source and spedrum analyser. The radiation pattern of the measurement antennas was
narrow in the vertical plane (3 dB beamwidth = 5%) and broad in the horizontal plane (3
dB beamwidth = 90¥). This kind of configuration is appropriate for a wirdess LAN
concept.

Results in an office building are shown in Fig. 8.3.1. Results from the same
environment and the same distance range at 1.7 GHz have been included to
highlight the differences between the two frequency bands. All the measurements
are performed with base station (BS) and remote station (RS) on the same floar.
The dired path is typically blocked by furniture or a light internal wall. A clear
line-of-sight path is present only in few of the measurements.

In Fig. 8.3.1 it can be seen that the path lossis considerably higher at mmw. One
reason for thisis the antenna radiation pattern which introduces excessattenuation
at short distances. Even at higher distances (15 m) where the excessattenuation is
small, the difference between the two frequencies is rather high: 45 dB. Free space
difference (31 dB) explains this result partly. The rest of the difference 14 dB, is
due to higher penetration loss of materials as well as higher refledion and
diffraction lossat mmw. It can aso ke seen in Fig. 8.3.1 that the variance of data is
proportional to frequency. Thermserror at mmw is11dB whileat 1.7 GHz it isonly 6.3
dB. Thisisdueto more severe shadowing effedsat mmw.
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calculate minimum thicknesses for given values of isolation. The relative weight of
the two terms of the approximate expresson for the attenuation depends on the
polarization of the incident wave, the incidenceangle y and the wall thickness ¢.
Thefirst term, a s, doesnot depend very much on w (5/¢ & [1, \er/(gr-1)] when
wy [0, m/2]), but is proportional to £ On the other hand the second term, -20 log
1 - r2|, does not depend on ¢, but shows a strong dependence on
(approximately & [0, a] for paralld polarization and & [-20 log (4\/er/(\er+1)?),
ag] for perpendicular polarization). Thus, theisolation may be expressed [14] as

lw[dB] = at (8.2.5)

which takes into consideration that the semnd term can be 0, as well as the fact

that s isof the order of ¢ (the maximum value of \/gr/(sr-l) is 1.732for the
materials considered here).

Type of material ¢l [cm]
10 B 20 B 40 B
Stone 1.75 3.49 6.98
Marble 8.00 16.00 32.00
Concrete 1.50 3.00 6.00
Aerated concrete 2.70 541 1081
Tiles 1.28 2.56 5.12
Glass 1.65 3.31 6.61
Acrylic glass 9.71 19.42 38.83
Pasterboard 6.62 13.25 26.49
Woad 2.37 474 9.48
Chipboard 1.94 3.88 1.77

Table8.2.2 Wall thicknesses for spedfic values of isolation

The values of wall thickness ¢, that ensure 10, 20 and 40 dB isolation are
presented in Table 8.2.2. For an isolation of 10 dB one @n aready use the
approximate expresson for the attenuation for the cases referred to before. Again
one @n seethat, with the exception of glass acrylic glassand plasterboard, al the
other materials will i solate at least 20 dB when they have the usual thicknesssin
buil ding wall s and floors.
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Parameters gy, tan () and a are independent of the dab thickness and have
been estimated from measurements. Both R and T correspond to dired
measured values and have a very strong dependence on the dab thickness the
values given here being for the usual thicknesses of materials in real buildings, to
give an idea of their order of magnitude. This is not a complete list, and many
more materials (espedally composite ases) can be found in the references [11-14].

Later on, diredion of arrival measurements were performed [12], [13]. In this casg,
the recever antenna (with a very narrow horizontal beam width) is rotated through
2, resulting in a"recaver radiation pattern” with lobes associated with incoming
rays refleded from walls. By comparing the magnitudes of the incoming rays with
their path loss estimates of refledion coefficients for the real room walls were
obtained. From these, values for gr and tan (&) were alculated, which agree
with those presented in the table.

8.2.3 Isolation and Transmisdgon of Building Materials

Applications for the 60 GHz band are foreseen for bath indoor and outdoor
environments, which may pose interference problems. This suggests that the
isolation as well as transmisson properties of building materials sould be
evaluated, to facilit ate mverage and interference @lculations.

The attenuation suffered by a plane wave when going through a wall can be
expreseed as: Ay = -201og [Tg|. Threeterms can be identified:

1) a s comesfrom the attenuation of a wave propagating in the dab,
2) -20log |1 - r2| isrelated to the transmisgon coefficients of both surfaces, and

3) -20 log [1 - 12 el2ks g2us gkod cos(y)| s assciated with the interna
refledion phenomenon. The relative weight of these termsis not the same, and in
particular it is interesting to oldain the nditions in which the last term can be
negleded, that is to say, when it is not necessary to consider the internal refledion
phenomenon, the attenuation then being given by

Aw [dB] = aS-20log|l- 2| (8.2.4)

Correia and Francés [14] have estimated the material thicknesses that enable the
use of this approximate expresgon, for the average values of g and tan (&)
presented in table 8.2.1. It can be used for amost al the materials with their usua
thickness the exceptions being dass plasterboard and acrylic glass for which
thicknesses much larger than the usual values are needed.

For cdl planning and interference purposes the isolation (ie the minimum value of
attenuation, independent of polarization or incidence angle) provided by buil ding
materialsisrequired. For thisreason, it isimportant to establish a criterion and to
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algorithm was used, increasing or deaeasing alternately thevalue of gr or tan (&),
until the roat mean square aror between the measured and modeled values is
minimised.

A different approach was taken in [6]. Transmisgvity measurements were
performed for a structure involving two slabs. The transmisson coefficient of the
double dab structure, as a function of the distance between the dabs (dy) is
approximated as

T = [Tgll 1- IFgl/2 + IFgl’ cos(2kds + 2arg(Fgn| (8.2.3)

It is clear from this approximation that when the distanceranges in a given interval
the transmissvity will oscill ate between two values. From this, the values of gy
and a were estimated by fitting the measured results to the expresson. The results
of all these measurements and estimations are summarized in Table 8.2.1. It should
be noted that: ranges of variation are given each time more than one value has been
obtained, either because different polarizations were used, or becuse they
correspond to the results of different groups. The values presented here show a
goad agreament with others presented in the literature, e.g. [11].

Material ar tan (&) i R T
[dB/cm] [dB] [dB]
Stone 6.72/8.55| 0.0050.066| 0.67/9.39| -7.1/-6.0 | -25.8/-2.8
Marble 11.56 0.007 1.25/5.00 -5.0 -4.8
Concrete 6.14 0.049 6.67 -8.2/-5.6 -35.0
Brick -- -- 4.00 -9.5/-5.1 -28.0
Aerated 2.26 0.045 3.70 -14.0 -189
concrete
Tiles 4.01/8.58 | 0.0230.091| 3.7009.94 | -12.4/-38 | -6.2/-5.7
Glass 4.70/6.13] 0.0330.082 | 4.059.97 | -152/-1.4 -4.7/-2.1
Acrylic glass 2.52 0.012 1.03 -1.4 -0.9
Plasterboard 2.60/3.08 | 0.0140.018| 1.306/2.00| -16.7/-2.0 | -3.9-14
Woad 1.50/1.64 | 0.06000.068 [ 4.52/5.99| -16.1/-8.2 | -13.0/-6.6
Chipboard 2.783.15] 0.0490.057 | 4.50/6.00 | -152/-10.1 | -13.9/-5.3

Table8.2.1 Characteristics of buil ding materials at mmw
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s= ¢\ 1 - (coPly)er).

The path length difference on the dlab o two conseautive departing refledions or

transmisdonsis d=2 t/\/ (er /COSZ('q_r)) -1

With this model, refleded and transmitted powers from the didledric dab will then
be given simply by

P'=Irg? P and Pt = g2 P,

P being the power of the incident wave; sinceit is assumed that the materia is
losy/, onehas P’ + Pt < P'. Although this model asuimes that the slab is infinite,
it can be expeded that the results will be acceptable if the material sample is wide
enough (compared with the intersedion of Fresnd's first elli psoid). Also it will
contribute to a better approximation of this modd to the physical redlity if the
loses are not very low, in order to make negligible the power carried by the waves
that should propagate outside the real dab material, compared to theideal dab.

Fig. 822  Multiplerefledionswithin adab

The approach taken in [8] was to derive the parameters from the generalized
refledion and transmisson coefficients. These @an be expressed as functions of the

type T (y.f, er, tan (5), Iy (y. T, gr, tan (5), ¥) and 'rg (ye, T, gr, tan (&), £).
Measurements are taken at as many different values of v as desired. The problem
of deriving gr and tan (4 then reduces to the resolution of a non-linear
overdetermined equation system. There is no exact solution for this kind of
problem. One approach is to use a least-squares method [10] in which several
implementations can be used, all based on an iterative procedure. Some of them,
athough offering a faster convergence, require the evaluation of derivatives, which
makes them very heavy from the computational point of view. Thus, a smple
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8.2.2 Measurement Results and Par ameter Estimation

Several groups within WG3 were involved in materials characterization in the 60
GHz band, using one of the measurement procedures described abowve. Initialy
refledivity [3] and transmissvity [4] measurements were conducted. However,
these results did not all ow the estimation of the dedromagnetic parameters, and a
literature survey [5] has sown that values for gr and tan(s) were known only for
glassand wood. Thus, measurements allowing the estimation of parameters were
conducted: transmisgvity for different dab thicknesses [6]; scattering and
transmisdgon patterns, and bistatic refledion measurements [7], [8]. Sinceit is not
possble to extract the values of gr and tan(s) diredly from the measurements, a
modd is neaded.

The phenomenon of refledion of a plane wave by a perfedly flat infinite surface
separating two indefinite media is well known, and can be described by a pair of
refledion coefficients, according to the wave polarization. The refledion
coefficients I' can be found in many text bodks (e.g. [9]); they are a function of the
incident angle (to the surface plane) vy, and of the refraction coefficient of the
medium n, which can be expressd by n2 =g - j er tan (8). When the materia
thicknessis large (compared to the wavelength) and/or the material 1osses are high,
the refledion of a plane wave on a didedric dab can be approximated by the
refledion coefficient referred to above. However, when these cnditions are not
satisfied, this sSmple model can lead to significant errors, and a better modd is
necessary. The modd that leads to a better approximation, and yet is not too
compli cated, is the one based on successve refledions of plane waves, as indicated
in Fig. 8.2.2. With thismodel, therefleded field can be expressd by a generali zed
refledion coefficient, g, given asthe addition of the smple refledion coefficient
(from thefirst refledion) with the sum of a geometric progresson corresponding to
the refledions and transmissonsinside the slab

Fg= Il - (1- r?) el2ks g-2us gkd cos(y)4) (8.2.1)
and a generali zed transmisson coefficient, g, can then be obtained as well
Tg=(1- 1) elkseusy (8.2.2)
where:
k= 211:\/E_r [ isthe propagation constant inside the dab;
a =w tan (§) \ pOer g0 /2 isthe attenuation coefficient, also inside the slab;
ko= 2nli isthe freespace propagation constant,
and the denominator, 4 = 1 - F2e712KS g2 gkod COS(y),
The path length inside the dab between the two surfacesis:
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propagation for the transmisgon case; recaved power from refledion on a perfedly
conducting plane for the refledion case.

I | Material Sab

‘|t

A S

Rx Tx

(@  scattering pattern: for several syt, yr varies over range

[ ] Material Slab

(b)  bigtatic refledion: syt = yer Over range

RTX
V\‘n = W2

| Material Slab

(©)  transmisdon pattern: yt fixed, yyr varies over range

Fig. 821  Measurement setups for power measurements
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exclusively on short range propagation effeds at mmw. Sedions 8.5 and 86
contain material which isalso relevant to 5.2 and 17.2 GHz operation.

8.2 Material Characterisation

LuisCorreia, I ST, Portugal

Propagation phenomena & the mmw band can be modeled simply on the basis of
Geometrical Optics (GO) since diffraction is usualy negligible. The use of GO
models requires knowledge of the refledion coefficients of the surfaces, which
depend on the dedrical properties of the materials. Thus, besides the
characterizaion of the surface roughness it is esentia to know the values of the
relative didedric constant, ey, and the loss tangent, tan(s) of the building
materials used in bath indoor and outdoor environments. The lack of values for
these parametersin the literature, in particular at mmw, has motivated the work on
materials characterization.

Additionally, the isolation and transmisgon properties of materials have been
calculated, in order to evaluate bath indooar coverage in different rooms and co-
channel interference not only between indoor and outdoor systems but also among
indoor systems.

8.2.1 Measurement Methods

The dedromagnetic characteristics, such as gr and tan(a), of materials cannot be
measured dredly in most cases. This implies that other quantities must be
measured, from which these parameters can be estimated. The two usud
procedures are: 1) to insert a sample of material within a waveguide and perform
standing wave measurements, and 2) to illuminate a dab o material in an anechoic
chamber, and perform refleded and transmitted power measurements. The first is
very difficult to use at the mmw frequencies, since waveguides have dimensions of
afew mm and this would imply samples of bricks or plaster, for example, with
such dimensions, which isimpractical. Therefore, all the measurements were done
using the second procedure.

In general, three types of measurements have been conducted, as sown in Fig.
8.2.1(a), (b), and (c). The scattering patterns (a) allow the surface roughnessto ke
investigated. The bistatic refledion (b) corresponds to the measurement of the
speallar refledion coefficient, from which the parameters can be estimated. The
transmisgon pattern (¢) includes the measurement of the actual transmisgon
coefficient, aso enabling the estimation of parameters. Measures of refledivity, R,
and transmisgvity, T, are speda cases. The first corresponds to the bistatic
refledion with syt = 4 = n/2 and the second is the transmisson with yt = n/2. In
al cases, power is measured relative to a reference recaved power from free space
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transmitters imposed by safety considerations eliminate the posshility to use IR for
reliable broadband communications in cdls with radii in excess of about a few
metres. A detail ed analysis of these wnsiderationsis given in reference[1].

8.1.2 Millimetre wave Safety and Tednology

Mmw radiation is rdativdly harmless compared with the cnventional mobile UHF
frequency bands. The reason is the much smaller dedromagnetic skin depth of
biological tissles at these frequencies. This is refleded in the eisting safety limits of
trangmitted power. For many European countries, these limits are laid down in the
Remmmendations of the International Non-lonizing Committeg aworking group of the
International Radiation Protedion Assciation (IRPA/INIRC).

The maximum power densty for continuous exposure for the genera public is 1
mW/cm? for mmw. Assuming that this limit is st at 6 om from an antenna with 9 dBi
diredivity, the transmitted power is limited to about 50 mW. Limiting transmit power
levels to some tens of mW is not only a safety requirement, but also a measure to limit
the @verage range in order to improve the frequency reuse @pabiliti es, with the
ohjedive of gaining network capacity.

The safety limit of 50 mW transmitted power is abaut equal to the power levd that is
feasble with sate-of-the-art technology at 60 GHz. A preiminary feashility study [2]
showed that 50mW might be sufficient for reiable broadband communication in a
typical office eavironment. This may be reglizable by taking advantage of advances in
Microwave and Millimetre wave Monalithic ICs (M3ICs), which will supdy the signals
to the Very High Speel Integrated Circuit (VHSIC) chips a arate that is compatible
with the high processing speeds. The maturity of these tednologies has aready been
demongtrated, although the initid costs of producing such systems can be quite high.
However, with large-volume manufacturing of individual circuit functions, the @sts can
be ompetitive when compared with ingtalli ng new copper or fibre networks.

Low-power transmisson at mmw frequencies enables improved portability of hand-held
equipment because low power implies light and small-sized batteries and mmw radio-
frequency components and antennas are small, with dimensons in the order of only a
few centimetres. However, it isimportant to redize that radio recevers for high bit rate
dgnas have to perfoom complex sgna processng order to combat radio channd
imperfedionsto mee the performancerequirements. These requirements are much more
gringent than requirements for low speed data and coded speet as spported by the
present radio networks. Although the intensive signa processing may be performed by
sophigticated VHSIC technology it may be expeded that the required complexity will
contribute s gnificantly to the size and weight of initial broadband radio equipment.

In view of the safety limitations of IR and the apparent lack of suitable blocks of
free spedrum below the mmw bands, the next three sedions will concentrate
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remote from the central base station. This leads to the requirement to support
distributed architeaure ad-hoc networks.

The dhapter is organised asfollows: in sedion 8.1.1 the reasons for rejeding IR are
briefly reviewed. Sedion 8.1.2 covers sfety and tedhnology aspeds of mmw,
leading to the dedsion to concentrate on these bands. Sedions 8.2, 8.3 and 84
deal with various aspeds of radio propagation at 60 GHz. 8.2 covers the
characterisation of building materials in terms of their refledion and scattering
properties, and methods of estimating these from measurements of dieledric
constant and losstangent on samples of brick, concrete, plaster, woad, glass etc.
8.3 deals with narrow-band and wide-band measurements of the indoor radio
channel, and compares these with statistical and deterministic models derived from
the material properties. 8.4 makes the wrresponding comparisons for the outdoor
radio channel. Sedion 8.5 deals with the performance of digital modulation
systems over the point-to-point radio channels characterised in the last two
sedions. Sedion 8.6 deals with network architedures, bath centralised and
distributed, and Medium Access Control (MAC) protocols designed to provide
efficient and fair sharing of the radio channd among users. Finally, sedion 8.7
summarises the capter.

8.1.1 Infra-Red Safety

IR has an abundance of bandwidth free from regulation, and IR components are
small and inexpensive. It is already used at very low data rates, eg TV remote
contral, car keys etc, and at rates up to a few hundred khit/s for linking palmtop
computers. IR penetrates glass but not walls, allowing neighbouring cdls to co-
exist without interference  However, the recaeved power levels required by IR
systems are much higher than those of radio systems. This is becuse the
photodetedor is exposed to ambient noise sources such as sunlight, incandescent
and fluorescent lamps, and heaters. An optical filter has been proposed to
minimise this effed, but this then becomes a key cost driver. In order to provide
full mohility, diffuse links relying on scattering from the local environment are
essntial, and this leads to transmit power requirements that are beyond the airrent
state of the art.

It is posshble to support a 50 Mbit/s transmisson rate over distances up to 30 m
provided alensis used to dired the transmited beam towards the intended recever.
However, stringent limitations on power densities a few cm from the transmitter are
imposed by eye safety considerations. The human eye focuses the incident light on
to the retina increasing the energy density by factors of 100,000 or more. The
Maximum Possble Exposure (MPE) levels are therefore quite small. The @rnea,
the outer layer of the egye, filters out all wavelengths except those in the visible and
near infrared range. The e/e thus forms a window for infrared light. Exposure to
high levels of IR radiation may damage the eye leading to cataract-like disorders.
Various gandards organizaions worldwide have spedfied MPEs for IR. They are
nearly in consensus on a 1.6 mW/cm? limit. The power limits on infrared
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Broadband Systems

Stephen Barton, University of Leads, UK

8.1 Introduction

This chapter is concerned with wireless communication to mohile, or at least
portable, equipment at very high data rates, defined for this purpose as greater than
2 Mbit/s, so as to ensure that there is no owerlap with UMTS. Such systems are
generally referred to as Wireless Local Area Networks (WLANS). Such fourth
generation systems have been addressd by a small group within COST231
(Working Group 3 Broadband Systems) between 1989 and 1996 Such systems
will form an increasingly important focus of the proposed follow-on projed.
Systems operating at data rates up to 155 Mbit/s have been proposed and studied by
simulation.

Initially, operating frequencies in the Millim etre Wave (mmw) bands or at Infra
Red (IR) were mnsidered the only viable ranges offering sufficiently large
contiguous blocks of spedrum not already allocated to aher services. IR was
diminated qute erly becuse of considerations of eye safety, and most of the
propagation work concentrated on the mmw bands. Subsequently however,
spedrum at 5.2 and 17.2 GHz has been all ocated by CEPT to HIPERLAN, a system
with a transmisgon rate of 23.5 Mhit/s, and material about broadband transmisson
in HIPERLAN isincluded in the later sedions.

Material originating in RACE projed 2067, Mobile Broadband System (MBS), and
ESFRIT projed 7359 Local Area network User Radio Access (LAURA), together
with many independently funded projeds contributing to COST 231 WG3 is aso
included.

Initial applications of WLANs will bein wired LAN replacement. Thisis because
in large organisations typically 30% of computer networks are relocated or
reorganised every year, and this can acoount for over 80% of the lifetime st of a
LAN. A system providing the last 50 m connedion from the end user to the
backbone fibre optic network over the air would save most of this. WLANS can
aso ke installed rapidly, often by the users themselves, and may also provide an
opportunity to try out the services avail able before ommitting to the investment in
a full-scale fibre-based network. Accessto the services provided by private wired
computer networks such as Ethernet and FDDI, or the future ATM based B-ISDN
public network will be via centrally controlled access points at data rates high
enough to maintain the quality of service Once such radios are installed in
portable equipment, however, there will be a desire to gperate in other locations



