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5.1 Introduction
LuisLopes (University of Ledls, UK)

This chapter reports on some of the work carried ou in COST-231 with
relation to seoond generation personal communication systems, and
spedficdly GSM and DECT. The performance of basic versions of such
systemsis relatively well known, and the focus of the work was therefore on
advanced feaures and pesdble limitations. These topics are of importance
nat only in relation to the full exploitation d the patential of the systems,
but also in terms of paossble evolutionary transitions towards the third
generation via progressve enhancements of the radio and retwork
performance.

GSM isfirst considered in the dhapter, with full discusson d fedures sich
as novel diversity schemes and dfferent frequency hoppng strategies, and
their effeds onradio link performance and system cgpadty. Thisis foll owed
by a treament of DECT which tends to focus on emerging DECT outdoar
applicdions. Among the overed topics are a study of DECT recaver
performance, propagation measurements for DECT, new propasals for link
enhancement, a report on a field trial, and dscusson d DECT network
cgpadty in WPBX and RLL applications.
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210 Chapter 5

5.2 On Antenna and Frequency Diversity in GSM
Preben E. M ogensen, Jeroen Wigard (CPK, Denmark)

Antennadiversity is a well-known methodto miti gate the dfed of multi path
fading (refer to Chapter 3 for a general discusson d diversity techniques).
Anayticd expressons for antenna diversity gains in the presence of
Rayleigh fading can be found, for example, in [13,15]. Such anayticd
results are nat diredly applicable to the GSM system for several reasons:
firstly, the GSM signal has a bandwidth o 200 kHz and for some
propagation environments frequency seledive fading is introduced.
Seoondy, the dhannel coding and interleaving processes reduce the impad
of signal fading and furthermore the diversity gain becomes ead dependent
for anonfrequency hoppng transmisson link.

The GSM transmisgon link can gain from frequency diversity in two ways:
the required channel Equaliser [9] can exploit frequency seledive fading
within the dhannel bandwidth, and Frequency Hoppng (FH) [5] can provide
deaorrelated fading for successve recaeved busts. Thanks to the dhannel
coding and interleaving, this fading decorrelation can be cnverted into a
frequency diversity gain for slow moving users.

5.2.1 TheGSM Test Profiles

The GSM recommendation spedfies test power delay profil es for validation
of GSM mobile terminals [9]. The profiles are: Typicd Urban (TU), Rura
Area (RA), and Hilly Terrain (HT), as $hown in Figure 5.1 The profiles
were modeled from wideband popagation measurements and are
representative of various mobile communicaion environments [2]. The
numericd value x after the profile ebreviation determines the simulation
sped in km/h, e.g., TU3.
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Figure 5.1: GSM spedfied power delay profiles: Rural Area
(RA), Typicd Urban (TU) and Hilly Terrain (HT).
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The signal strength dstribution d the GSM signal expased to the various
test profilesis shown in Figure 5.2 In the GSM context, the RA profileis a
narrow-band model, and the small deviation from a Rayleigh distribution is
mainly due to a wherent term in the model, which introduces Ricean fading.
The TU profil e includes considerable time dispersion resulting in frequency
seledive fading within the GSM bandwidth. The signal strength dstribution
is therefore significantly improved compared to the Rayleigh dstribution.
Finaly, the time dispersion d the HT profile exceeals the 18.5ps equalizing
window of atypicd GSM demoduator The long time delays mitigate the
fading probability, bu unfortunately also introduce non-equalisable Inter
Symbad Interference (1S1). The signal-strength distributionfor the HT profile
istherefore not diredly related to the receved signal quality.
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Figure 5.2: Normali zed signal-strength distribution for the three

GSM spedfied profiles: Rural Areg Typicd Urban, and Hilly

Terrain.

It shoud be noted that these power delay profiles are nat suitable for system
bandwidths beyond approximately 1-2 MHz, and are therefore inappropriate
for simulating norrided frequency hoppng in GSM. Ided frequency
hoppng will be gplied in the analysis of FH, i.e., urcorrelated fading
between hoppng radio channels. This assumption requires in pradice a
channel separation d approx. 406600kHz for urban environments[3].

L A 16 state Viterbi algorithm can cope with time dispersion wp to approx. 185 pis
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5.2.2 TheGSM TCH/FS Transmisson Mode

GSM spedfies a variety of transmisson modes on the Traffic Channel
(TCH). These modes are :

e TCH/FS TCH/F9.6, TCH/FA4.8, TCH/F2.4 are the transmisson modes
over a TCH/F (Traffic CHannel/Full rate), respedively for full rate
speed, 9.6kbit/s, 4.8kbit/s, and 2.4kbit/s data rates.

e TCH/HS, TCH/H4.8, TCH/H2.4 are the transmisson modes over a
TCH/H (Traffic CHannel/half rate), respedively for half rate speed, 4.8
kbit/s, and 2.4kbit/s data rates.

The various transmisson modes differ in the detail s of error corredion and
error detedion (coding and interleaving) schemes [5,6]. Additionaly, the
control and common channels again use other channel encoding schemes.
The performance of the transmisgon link and the obtainable frequency and
antenna diversity gain are dependent on the adual transmisson mode. Only
the GSM transmission made for full rate speech, TCH/FSwill be considered
in the analysis. A diagram of the GSM transmisson and receving path for
the TCH/FSmodeisgivenin Figure 5.3

Speech digitizing
and source coding
Channel
coding
Interleaving

Source decoding,
signal construction

Channel
decoding

De-interleaving

Burst Burst
formatting formatting

Ciphering
(not performed)

Modulation Demodulation
Fading channel | _—7

and Noise

Deciphering
(not performed)

Figure 5.3: Schematic flow diagram of the TCH/FS
transmisson and receaving path.

The full rate speech encoder delivers a data block of 260 hts for every 20
ms (i.e. anet bit rate of 13 kbit/s). The bits produced by the speed encoder
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are divided into classes acording to importance (Classes 1a, 1b,and 2,in
order of deaeasing importance). The Class?2 hits have only a small i mpad
on the recaved speed quality, and are often disregarded in signal quality
analysis.

The process of channel encoding increases the bit rate by introducing
redundancy into the transmisson flow. For the TCH/FS mode, a 3 bit CRC
isfirstly applied to the 50 Class 1a bits. Thisfield is used for frame gasure
detedion at the receve end. Seaondy, al class1 hts are nvolutionaly
encoded (Code rate = 1/2, Constraint length = 5), whilst class2 hits remain
unproteded. The channel encoding produces a data-block of 456 bits, which
corresponds to a gross bit rate of 22.8 kbit/s. The reordering and
interleaving processmixes the 456 encoded hits and sub-groups them into 8
half-bursts of 57 hts, which are transmitted on 8successve bursts, i.e. an
interleaving depth of 8[6].

The arored hits tend to appea in “faded” bursts, bu convolutional codes
perform better when errors are randamly positioned. The reordering and
interleaving in the GSM signal transmisson flow randamize the aror
events, provided the 8 successve bursts carrying an encoded data block are
exposed to deaorrelated fading. This requirement can be ensured by either a
gpatial movement of the mobile station a a duange in frequency (i.e.

frequency hoppng).
5.2.3 GSM Link Tests
Patrick C.F. Eggers (CPK, Denmark)

In the pre-operational phase of GSM, reliable link performance test
equipment was not available. Furthermore, statisticdly based hardware
simulators canna cater for the spedfic propagation condtions experienced
in the field. For this reason, measurements were caried ou by various
groups together with software modem implementation (stored channel
simulation) [7,8,55]. In [8,55] the GSM transmisgon was smulated wheress
in [7] a GSM superframe generator was used to transmit ‘live’ GSM data
over the network.

As expeded, GSM link performance was foundto be better correlated with
the delay window based W9 and Q16 parameters (see dapter 2) than with
delay spread, due to the finite equali sation capability of red GSM recevers.
For ead modem implementation, a signature surface (link performance
level) can be spanned by CNR and Q16 (or W9) [7,55]. This provides a



214 Chapter 5

simple means to gain a basic GSM link performance etimate diredly from
radio channel parameters, and in addition it enables reuse of radio channel
measurements, avoiding time cnsuming simulations.

As an example of results obtained, it was concluded in [7] that GSM
coverage oud nd be provided in aress surroundng fjords by using
mourtains as passve refledors (as is dore with NMT900). This impli es that
approximately twicethe number of base stations would be required for GSM
in mourtainous terrain.

With the expansion d fully operational GSM networks, interest has turned
to performance enhancement tedhniques (covered in the remainder of this
chapter), and to its use in speda environments and applicéions (e.g. high
Spedl trains - seesedion 4.8.4.

5.2.4 Frequency Diversity

The adivation o slow Frequency Hoppng (FH) in GSM offers two
advantages:

e Frequency diversity: Improved bust decorrelation for slow moving
users.

» Interference diversity: Interference averaging in the network

Only the improvement from frequency diversity is considered here;
interference diversity will be discussed later in the chapter.

Power Envelope Correlation. A power envelope rrelation coefficient
below 0.7 is often used as a aiterion for diversity applications [13].
Asaiming that this coefficient is given by JOZ(B\/t) [13], then it can be
foundthat the speed of a mobil e station must exceed approximately 35 km/h
in order to med the @ove aiterion between two successve recaved busts.
The frequency diversity gain from FH is thus most essential for mobile
station speeds much lower than 35 km/h, i.e. pedestrian speel. The
frequency diversity gain from FH will be marginal for high speed mobile
stations, becaise the required decorrelation is obtained through spatial
movement.

GSM Hopping Sequences. Distinct cyclic and random modes of frequency
hoppng are spedfied in GSM [5]. The randam node provides both
frequency and interference diversity, whereas ®quential hoppang can ony
provide frequency diversity. The maximum number of frequencies, Ny, that
can be used in the hoppng sequence is 63 [5]. However, in pradice the
number of hopgng frequencies N will be much lower because of the limited
alocaed spedrum and the necessary frequency reuse scheme of a cdlular
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network. For GSM BTS equipment which dces nat suppat synthesized
frequency hoppng, the frequency hoppng is performed at baseband, and
thus N will be limited to the number of installed TRX’s.

In cyclic mode, the maximum frequency diversity gain isacieved for N > 8
(determined by the interleaving depth). For small values of N, cyclic
hoppng provides a noticealy higher frequency diversity gain than randam
hopgng. This is becaise, for the randam hopgng case, the probability of
using a radio frequency channel more often than &N times within the
interleavzing depth of 8 is high, and thus the fading decorrelation within a
speed-frameis not optimal.

Frequency Hopping Results. The performance of both randam and cyclic
frequency hoppng has been simulated for arange of values of N, from 1 (no
hoppng) upto 12[16].
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Fig. 5.4: FER (Frame Erasure Rate) as a function d C/I for
Cyclic Frequency Hopping, (N is the number of frequenciesin
the hoppang sequence)

Fig. 5.4 shows the results for the cae of cyclic hopgng and the TU3 test
condtion. It can be observed that the frequency diversity gain is
considerable (abou 8 dB for N = 8 at a FER of 2 %). Even for a low
number of hoppng frequencies (N = 2), the gain from FH is sgnificant for
this test condtion. Randam hoppng gves approx. 1-2 dB lower gain than
cyclic hoppng for low values of N [16]. However, randam hoppng may still
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provide the best overal network performance once the improvement from
interference diversity is taken into acount [30,12].

In Table 5.1, the results for cyclic frequency hoppng for the cae of co-
channel interference ae given for bath TU3 and TU50. As expeded, the
frequency diversity gain from FH is modest for the TU5S0 test condtion; the
gainisonly of the order of 1-2 dB. From the Table, it can be observed that
the asolute performances for the TU3 and TUS0 test conditions are dmost
identicd, orceided frequency hoppngisapplied (N = 8).

TUS0: TU3:
C/l at FER=2% Cl/l at FER=2%
No of hoppng | Absolute Relative gain | Absolute Relative gain
frequencies level [dB] [dB] level [dB] [dB]
1 10.0 0.0 155 0.0
2 9.0 1.0 110 4.5
3 9.0 1.0 10.0 55
4 8.5 1.5 9.0 6.5
8 8.0 2.0 7.3 8.2

Table 5.1: Simulation results for Cyclic Frequency Hopping
with N = 8 under co-channel interference[9].

5.2.5 Antenna Diversity

The radio link power budget in GSM typicdly favours the up-link. For cdl
range etension (and in order to reduce the power budget imbalance), it is
desirable to instal antenna diversity at the base stations for up-link
reception. Downlink antenna diversity may also be required for capadty
enhancement, and may be implemented as either Tx diversity (installed at
the BTS) or Rx diversity (installed at the Mobile Station). Alternative
implementations of antenna diversity in GSM have been studied
[17,19,21,22] (see &so Chapter 3 for a broader discusson o diversity
technigues).

Up-link Diversity Schemes for GSM. The alditional cost of antenna
diversity at the base station is not critica (bath in terms of equipment and
power consumption). However classcd combining tedhniques are nat
suitable due to the frequency seledive nature of the channel. Two passble
schemes for diversity combining at the base station are described below.

Matched Filter Combining is a pre-detedion scheme [17], which isa simple
implementation d Wideband Maximal-Ratio combining. The GSM
demoduator unit estimates the radio channels impulse resporses from the
training sequence, and the recaved signals are matched filtered before
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detedion. Individual matched filtering of ead dversity branch co-phases
the diversity signals. After the matched filters, the signals can be diredly
combined and pessed to the data-detedor, see Fig. 5.5 The mbining
operation can use weighting coefficients derived from knowledge of the
channel condtions (see eg. [20]).

IR
Estimation

Matched
Filter

Viterbi Deinter- -
Algorithm }%‘ leaving H Decoding P

Matched
Filter

Matched Viterbi dm
Filter Algorithm

Deinter- .
g%% leaving H Decoding P

Matched Viterbi
Filter Algorlthm

IR
Estimation

(b)

Fig. 5.5: Block diagram of: (&) matched filter combining and (b)
soft dedsion combining.

Soft Dedsion Combining is a post-detedion implementation d Maximal-
Ratio combining. An independent data detedion is performed for eadh
diversity branch, and the soft dedsion ouputs are mmbined and passd to
the dhannel decoding unit [17].

The two proposed combining schemes for GSM have nealy equa
performance, and the choicewill depend onimplementation isaues. Matched
Filter combining gves abou 0.3 B gain over Soft Dedsion combining
under noise mndtions, whereas Soft Dedsion haes an advantage of abou 0.3
dB inthe cae of co-channel interference[23].

Downlink Antenna Diversity Schemes. The a&ove mmbining schemes are
not suitable for a mohile station becaise they demand two paralel RF
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recaving chains. Two sub-optimal but simple diversity schemes for
downlink antenna diversity have been propcsed:

* Rx Diversity: Pre-Seledion dversity
» Tx Diversity: Delayed signal combining
Pre-Seledion Diversity

Switching and Pre-Seledion [13,15] is a simple diversity algorithm which is
in general applicable to low cost TDMA radio equipment because it requires
one RF recaver chain ornly. Such a scheme may be based on paver
measurements of the previous receved bust(s) or the previous burst in the
TDMA frame structure. However, this requires a high degree of envelope
power correlation, and this condtion will nat be fulfilled in GSM for a fast
moving MS or in a Frequency Hopping GSM network® This issue excludes
a so the feedbadk type of diversity implementations [13,15].

For Pre-Seledion dversity implementation in GSM, the signal strength can
be measured duing the leading part of ead receved bust. Unfortunately,
the GSM burst structure does not contain an initial preamble field prior to
the data bits (asin DECT), which might have been used for measuring signal
strength. However, it has been foundthat the corruption o the first few bits
in ead bust only introduces a degradation d the order of 0.51 dB [22].
These bits may therefore be used for signal strength monitoring, since the
degradation is much smaller than the diversity gain of “true” Seledion
diversity.

Such a “destructive” pre-seledion dversity scheme has been propcsed and
analyzed in [22].The optimum period k for signal-strength estimation has
been foundto be 3-5 hit periods, and the switching and receaver settling time
m has been assumed to be 3 bit periods (seeFig. 5.6).

When the first observed dversity antenna is sleded 2* (k+m) bits are
corrupted, whereas only (k+m) bits are crrupted if the last observed
antenna branch is sleded.

2With the exception of mohil es on the BCCH carier, where the previous timeslot in the
TDMA-frame can be used for diversity measurements.
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GSM Burst
Data bits used for
RSSI estimation
Tail Data Sz;adgir?g - Data Tail
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Fig. 5.6: A GSM normal burst with indication d the signal-
strength measurement period k and the switching timem

Delayed Signal Transmisson

Antenna diversity has not been implemented in GSM mobil e stations urtil
now. However, a Delayed Signal transmisson scheme for the down-link
path is possble, with simultaneous transmisson from a second antenna
branch at the base station, and where the relative transmisson delay of the
seoond ranchis of the order of 2 bit periods[17,18]. Thereceved signal at
the mobile station comprises two decorrelated signals with a time delay
off set (seeFig. 5.7). These signals are aherently combined by the equali ser,
thus reducing the fading probabilit y.
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Fig. 5.7: Delayed signal combining of GSM signals

5.2.6 Antenna Diversity Performance Results

Fig. 5.8 and Fig. 5.9 show simulation results for the different antenna
diversity implementations in terms of Frame Erasure Rate (FER) and raw
(class2) BER, respedively.

It can be seen from these that the potential gain from two branch antenna
diversity in GSM is very high uncer the condtions given. The figures also
ill ustrate the complexity of antenna diversity evaluation for GSM: the raw
performance of Pre-Seledion dversity isworse than that of a single atenna
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at high C/I levels (Fig. 5.9), bu its FER performance gproadies that of
“true” Seledion dversity (Fig. 5.8). The distribution d bit errors before
channel demding strongly affeds the FER performance, and thus the raw
BER is nat a good measure of the receved signal quality. This is analogous
to the cae of frequency diversity and FH (FH does not improve the raw
BER but nevertheless $gnificantly reduces the FER).
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Fig. 5.8: Simulated antenna diversity gain for various diversity
algorithms (TU3, noFH, and co-channel interference) [23]

The antenna diversity gain is sown in Table 5.2 for bath ided FH and no
hopgng. In the latter case, al diversity schemes provide gains (4-7 dB).
When ided FH is used, the antenna diversity gains are reduced by 3-3.5 B,
and ony the Maximal-Ratio type of combining schemes (MF and Soft-
Dedsion combining) show a diversity gain excealing 3 dB.

TU3 (No FH) TU3 (Ided FH)
No Diversity 155 (0.0 7.3 (0.0
Delayed Combining 113 (4.2) 6.8 (0.5
Emulated Seledion 10.2 (5.3 6.2 (1.1
True Seledion 10.0 (5.5) 5.2 (2.1)
MF Combining 8.3 (7.2) 4.0 (3.3
Soft Combining 8.0 (7.5) 3.2 (4.1

Table 5.2: Required C/I [dB] for a FER of 2 percent for
different antenna diversity techniques. The antenna diversity
gain[dB] is srown in brackets [23].
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Table 5.3 shows antenna diversity performancein ndse condtions for TU3,
RA250 and HT100. The diversity gain is high for the cae of TU3 and no
FH, bu islower than 3-4 dB for all other test condtions.
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Fig. 5.9: Simulated antenna diversity gain for various diversity
algorithms (TU3, noFH, and co-channel interference) [23]

TU3 TU3 RA250 HT100
(No FH) (Ided FH) (No FH) (No FH)
No Diversity 125 (00) |55 (00) |59 (00|69 (0.0
Delayed Combining | 9.4 (31) |52 (03) |53 (06) |82 (13
Emulated Sdedion | 8.2 (43 |36 (19 |40 (19 |50 (L9
True Sledion 7.2 (53 |25 (30) |32 (27)|35 (34)
MF Combining 5.8 67 |16 (39 |11 (48 |21 (48
Soft Combining 5.9 66) |18 (37 |11 (48 |21 (48

Table 5.3: Required Eb/No [dB] for a FER of 2 percent for
different antenna diversity techniques. The antenna diversity
gain[dB] is sxown in brackets [23].
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5.3 Capacity Study of a Frequency Hopping GSM Network
Preben E. Mogensen, Jeroen Wigard (CPK, Denmark)

This sdion dscusses cgpadty improvement in a GSM network through the
use of randam FH combined with fradional network loading. In general, two
strategies can be used for increasing the cgadty of such a network:

* Increased cegpadty per cdl
* Reduced cdl size (deploying additional base stations)

These two strategies do nd exclude eat aher. Cell size reduction onits
own can be very effedive sincethe GSM cdl area ca vary from more than
100km*to under atenth of akm? No ather cgpadty enhancing methods can
provide such arange of more than 3 cecales. However, the introduction o
micro-cdl s has me drawbadks in terms of network cost and management.

On the other hand, the combination d Frequency Hoppng with RF power
control and DTX can provide an increased cgpadty per cdl. When further
combined with adaptive antennas, the patential for increassed cgpadty
bemmes very significant, as will be seen later.

5.3.1 Conventional Fixed Frequency Reuse Schemes

The frequency re-use fador K is given by K = k/ n, where k is the ided
cluster size (number of base sites), and n is the number of frequency sets
used in a duster, e.g., for k = 3, K = 3/3 and K = 3/9 respedively represent
omni-diredional and 120 sedorised BTS configurations.

The BCCH Carrier. The frequency reuse for the BCCH carier (the beamn
frequency) is relatively poa, since the BTS must transmit continuowsly in
al timeslots withou RF power control. The most efficient reuse has been
foundto be when K = 4/12 (for 10 % outage & a CIR threshad of 9 dB)
[14]. However, this result is based on a ‘regular’ network layout and a
simple pathloss model, and may therefore be dlightly optimistic. However,
for a sedorised BTS, there is alarge step between the duster size 4/12 and
the next value of 7/21 (requiring 75 % more frequency channels). A more
flexible frequency reuse method is based on the so cdled co-channel
interference matrix, whereby the ad¢ual BTS locaion and configuration are
taken into acourt. A reuse scheme using a pod of 14-18 frequencies for the
BCCH cariers is often employed in conjunction with the @-channel
interference matrix method[27].

The Traffic Carriers. With nonhoppgng Traffic (TCH) cariers, the
frequency reuse is very similar to that of the BCCH carrier. Even when the
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GSM cagoadty enhancing feaures (DTX and RF power control) are
adivated, the cgadty improvement is modest withou random FH. The
frequency reuse for the TCH carier requires typicdly a pod of 12-14
channel sets [14,27]. It shoud be noted that the @-channel interference
matrix method all ows joint frequency assgnment for both BCCH and TCH
cariersfrom a cmmon frequency pod.

5.3.2 Frequency Reuse on Hopping TCH Carr iers

When randam frequency hoppng is adivated, a conventiona frequency
reuse scheme based onaworst case interference situation (i.e. 100% load)
is gedraly inefficient [1,29]. Congestion (hard-blocking) limits the
cgoadty of the network well before the CIR values (soft-blocking) become
crucial, sincerandam FH provides both frequency and interference diversity.
For the cae of full rate speeth (TCH/FS), the interference varies® over the
interleaving period d 8 busts. The mean co-channel interference level in
the network can be aljusted by two parameters:

» Thefrequency reuse fador, K
e Themean fradional loading, F

Fractional loading is the percentage F of the available dhannels in the
network that may be in use simultaneously (e.g. afradional loading of 25 %
reduces the mean interference level by 6 dB). It is apparent that the two
parameters K and F interad closely: the higher reuse fador K, the higher the
fradional loading F and vice-versa. The alvantages of random FH combined
with fradional loading can be seen from the foll owing:

* Interference diversity (averaging): al users will be head realy
equally as interference and therefore ahigher mean interference
level in the network will be acceted.

» Therefore alow frequency reuse scheme can be cmbined with
fradional loading. The incressed number of channels per cdl
reduces the hard-blocking probability significantly.

5.3.3 Impact of Allocated Frequency Spedrum

Many GSM network operators have been allocaed a narrow frequency
band. In Table 5.4 the number of available traffic cariers (TCH) is shown

3 Theinterferenceis not truly averaged asin DS-CDMA
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for various frequency bandwidth all ocaions. It can be observed that the first
2.6 MHz of spedrum (including a guard-band channel) only covers the basic
BCCH carier requirement. For a amnventional non-hoppang GSM network,
the TCH cariers also require 12 frequency channels for a sedorised
configuration[1,14]. The number of TCH cariers per cdl isthus modest for
narrow spedrum all ocaions, seeTable 5.4.

Allocaed Spedrum 5.0 MHz 9.8 MHz 17.0 MHz
No of RF cariers 24 48 84

No of BCCH cariers 12 12 12

No of TCH cariers 12 36 72

TCH carier per cdl:

K=1/1 12 36 72
K=1/3 4 12 24
K=3/9 1.3 4 8
K=4/12 1 3 6

Table 5.4: The number of available TCH carriers per cedl for
various gedrum all ocations and frequency reuse fadors

Table 5.5 shows the maximum relative load of a cél due to blocking, for
various numbers of cariers per cdl. It can be seen that 4-6 cariers per cdl
are required in order to achieve ahigh spedral efficiency. Additional TCH
cariers only give a margina improvement in spedra efficiency (e.g.
Erlang/MHz). From Table 5.4 and Table 5.5it can be mncluded that from a
hard-blocking perspedive, the best frequency reuse schemes are K = /1 o
1/3, espedally when the dlocaed spedrum is lessthan 10 MHz, whereas
for large bandwidth na much can be gained by increasing K beyond 39.
The penalty of alow frequency reuse scheme is obviously higher co-channel
interference, which must be cmpensated for by having the network
fradionally loaded.

The optimum solution to the two dvergent limitation fadors of hard
blocking (dismissed cdls) and soft blocking (low CIR) can be found ly
simultaneously optimizing the frequency reuse, K, and the fradiona
loading, F. This has been examined via computer simulations[1,14].
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Carriers TCH/IF Erlang B Relative mean load | Spedra
Channels (2 % blocking) of TCH Efficiency
1+1 8+6 8.2 59% 51%
2+1 16+6 14.9 68 % 62 %
3+1 24+6 219 73% 68 %
4+1 32+5 27.3 74 % 68 %
6+1 48+5 431 81 % 77%
8+1 72+4 64.9 85% 81%
12+1 96+4 88.0 88 % 85 %
Table 5.5: Maximum relative load of a GSM cdl at a2 % hard-
blocking level

5.3.4 ResultsFrom GSM Network Simulations

Network level simulations of a GSM system have been made in order to
investigate DTX, RF power control, randan FH, frequency reuse, and
fradional loading. The impad of the propagation parameters such as path-
loss $ope, standard deviation d shadow fading, radiation pettern of the base
station antenna and badk scattering have dso been investigated [14].

Table 5.6 summarizes me of the esential parameters used in the caadty
study (for more details ®e [14,29]). It can be seen that one of the two
network performance citeriais the cdl dismissal probability of 2 % (hard-
blocking). The second criterionis based onthe fad that 90 percent coverage
probability is usually accepted in a GSM network [1]. Hence, if co-channel
interference is the dominant quality limitation, it is expeded that the
network quality will be accetable if no more than 10 percent of the CIR
values are below 9 dB. It shoud be noted that both the seleded threshold
values have astrong influenceonthe atieved cgpadty.

Path loss L,=35logd
Log-normal fading standard deviation 6 dB
Correlation dstance leda110m
Call mean hdd time 100s

Mobil e velocity 50 km/h

Cell radius 2km

Antennas 90° sedorised
Allocated spedrum 9.8 MHz
Frequency hoppng agorithm randam hoppng
DTX fador 0.5

CIR threshold 9 dB with a90 % probability
Blocking Erlang B, 2%

Table 5.6: The parameters of the GSM network simulation
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Random Frequency Hopping. Randan frequency hoppng leads to an
averaging of the interfering signals. For ill ustration, Fig. 5.10shows the CIR
of two mobiles using random and no hoppng (bath withou DTX). It can be
observed that, without randam FH, the signal quality (CIR) is only affeded
by the shadow fading, which is updated every 0.48s within the simulation.

30

204

CIR [oB]

10+

1 Il 1 1 1 1 1 1 Il 1
0 0.2 0.4 0.6 0.8 1 1.2 14 186 1.8 2
a) Time [s]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 186 1.8 2
b) Time [g]
Fig. 5.10: The instantaneous CIR of two mobiles during a
period d 520 busts: a) is with randam frequency hopgng and
b) iswithou frequency hoppng [29]

The interference level on ead individual channel changes very slowly and
depends effedively on whether a strong interfering signal is present or not
on the spedfic channel. Conversely, when randam frequency hoppng is
adivated, the interfering condtions change for ead bust. Under such
conditions, the average receved CIR becomes criticd, rather than the worst
case situation. The interference reduction from RF-power control and DTX
can then be diredly trandated into a cgadty incresse, since the
improvement is averaged among al mobiles in the network. Withou randam
FH the improvement in mean CIR will naot diredly translate into a cgaadty
increase sincethe Mobile Stations will benefit differently.

Impact of DTX and Fractional Loading. The results from the simulation o
DTX showed a linea propartionality between the DTX fador and the CIR
improvement (i.e., deaeasing the DTX fador to 0.5leads to an interference
reduction d 3 dB). The same propartionality holds for the fradional load F:
a reduction in traffic load by a fador of 2 reduces the mean interference
level by 3 dB. These results are @& expeded and confirm that DTX and
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fradional loading are very powerful means to reduce the mean interference
level in arandom hoppng GSM network.

Relation Between Reuse Factor and Fractional Loading. From a hard-
blocking perspedive alow reuse fador K is optimal, but the drawbadk is the
higher patential interference level, which demands a low fradional |oading
F. Table 5.7 shows the maximum fradiona loading for various reuse
fadors. The lowest reuse fador that alows full loading is K = 3/9. The
maximum fradional loading of 2530 % for K = 1/3 implies a need for
interferencereduction o 5-6 dB relative to afully loaded network.

Reuse fador K 1/1 1/3 3/9 4/12
Maximum load dwe to | 6-7 % 2530% 100% 100%
interference

Table 5.7: The maximum load of a FH GSM network limited by
co-channel interference (C/I > 9 dB with 90% probabilit y)

Maximum Capacity. Various reuse fadors and fradional loading values
have been simulated in order to determine an ogdimal network configuration.
Maximum cgpadty has been defined as the smallest load for which ore of
the blocking criteria is readed. The hard bocking limit depends on the
allocaed frequency spedrum, and therefore a onfiguration with 36 TCH
cariers (9.8 MHz) is used as an example. Table 5.8 provides the resulting
maximum cgpadty figures.
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Random Frequency Hopping
Reuse Erlang/cdl Erlang/site Blocking
1/1 20.2 20.2 Soft
3/3 61.4 61.4 Soft
4/4 60.5 60.5 Hard
1/3 28.8 86.4 Soft
3/9 237 710 Hard
4/12 16.6 497 Hard
Static (no interferencediversity)
Reuse Erlang/cdl Erlang/site Blocking
4/12 16.6 49.7 Hard

Table 5.8: Maximum capadty of various reuse fadors for a
network with 36 TCH carriers ( at 2% cal congestionand 9 BB
C/l with 90% probability). Note that cgpadty from the BCCH
TCH timeslotsisignored [29].

Theseresults are dsoill ustrated in Fig. 5.11
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Fig. 511 Maximum cgpadty per site @& a function d
frequency reuse fador K for a network with 36 TCH cariers
(excluding BCCH carier traffic). The upper curve is for
sedored BS sites and the lower one is for omni-diredional
Sites.

The maximum cgpadty per site is obtained for a sedorised base station and
afregquency reuse fador K = /3. This result has a'so been foundin [1]. The
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cgpadty increase of a randamn FH network using a frequency reuse scheme
of K =1/3isapprox. 74% compared to a non FH network with a frequency
reuse scheme of K = 4/12. (but in general the cgadty increase depends on
the spedrum all ocation).

In pradice, use of the K= 1/3 scheme would make frequency planning
trivial. However, a large number of TRXs is required in ead site (in the
case of baseband hoppng), and intelligent radio resource management
software must be included in the Base Station Controller for control of
fradional network loading.

5.3.5 InterferenceGain from Fractional Loading

The cgadty study of arandam FH GSM network [14] was based ona 9 dB
mean CIR threshdd. The CIR threshod of 9 dB is determined by link
simulations with a continuous co-channel interfering signal acmrding to the
test speaficaionsin [9].

1 1 i
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o E —8—25% load | |
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Fig. 5.12 FER as a function d mean CIR for a fradionally
loaded network. The load values given are a @mbination o
DTX andfradional network loading [30]*.

However, when wsing randam FH combined with DTX and fradiona
loading, the a-channel interference pattern will not be cntinuows, bu

“Log-normal fading hes been added to the interfering signal.
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instead change significantly from burst to bust. Thus, some bursts will be
heavily interfered whil st other bursts will be receved virtually withou any
interference. Results from link simulations with such an interference
behaviour have shown a significantly reduced Frame Erasure Rate [12,30)],
compared to the test interference situation speafied in GSM 05.05[16]. For
an ided reuse duster there will be, on average, 6 equally strong interfering
signals [13]. Due to shadow fading, the 6 interferers will have distinct
instantaneous levels. In [11] and [30Q], it has been shown that only one or
two o the interferers are usually dominant at a time, and thus the or/off
pattern creaed by DTX and fradional network loading will be refleded in
the interference pattern. In Fig. 5.12 the FER is $hown as a function d
mean CIR for severa values of fradional loading. At 15 % load (i.e., 30%
fradional loading and a DTX fador of 0.5, the quality improvement
corresponds to abou 2-3 dB gain in CIR. However this interference gain
from fradional loading canna be linealy converted into an additional
cgpadty improvement, because the higher fradional loading will deaease
the interferencegain.

Base Station Synchronization. The results snown above assume an idedly
synchronized network. In red life the BTSs in a GSM network are not
synchronized, and the relative time dignment of interfering bursts will be
randam and uriformly distributed. The impad of this has been analyzed in
[30]. For the cae of 30 % fradional loading and a DTX fador of 0.5, the
relative degradation from an ursynchronised network is below 0.5 B
compared to the ided synchronized case shown above (where the
propagation delay is also ignored).

5.3.6 Potential Capacity Gain from Smart Antenna SystemsinaK =
1/3 Random FH GSM Network

Recantly, interest in smart antenna systems (either adaptive stegable or
switched beam antenna arays) has incressed duwe to their potential for
cgpadty and range enhancement of mohile communicaions g/stems.

For a randan FH GSM network the frequency reuse fador, K can be
changed from K = 4/12 to 1/3, which gives the maximum cgpadty per site.
The capadty limitation for the K = 1/3 reuse scheme is CIR outage (soft
blocking), and the fradional loading of the network must be kept below
2530 % (see Table 5.7). By using adaptive antenna arays to suppress
interference, the fradional loading can in theory be increased to the hard-
blocking limit. The CIR gain of the antenna aray needs to be of the order of
5-6 dB if the system isto read the load set by hard-blocking.
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In [32] the antenna aray geometry has been analysed. Simulations which
include the dfed of angular spreading from the environment indicate that an
8 element (horizontal) linea array meds the CIR requirements. Table 5.9
gives the potential capadty increase of a randam FH GSM network using
adaptive antennas, assuming that the required CIR gain of abou 5-6 dB is

adhieved.
Freguency reuse Scheme | K=13 | K=4/12
GSM network withou adaptive antenna aray
Load limit from Soft-blocking 30% 100%
Load limit from Hard-blocking 87 % 69 %
Capadty per site [Erlang] 86.4 49.7
GSM network with ided adaptive antenna aray
Relative potential cgpadty gain 2.9 1.0
Capadty per site [Erlang] 2506 49.7
Capadty increase relative to K=4/12 400% 0%

Table 5.9: Potential cgpadty increase of a random FH GSM
network using K=1/3 frequency reuse and adaptive antenna
arrays. The hard Hbocking limit is cdculated for 36 TCH

cariers (9.8 MHz).
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5.4 TheDECT Standard

Andreas F. Molisch, Heinz Novak, Josef Fuhl (TU Wien, Austria)

5.4.1 General

The pan-European DECT (Digital Enhanced Cordless Telecommunications)
Standard [33,34] enables the deployment of a new generation d cordless
telephores and indoa personal communication equipment. DECT speafies
the wireless conredion set-up and release between fixed base stations and
mobhil e terminals. The mobiles can be cordlesstelephores or other terminals
in ashort range private or businessindoa environment.

From the user's point of view the most striking change from existing
cordless telephores is that one base station can serve multiple mobiles
simultaneously. Additionally, in businessnetworks the user is not related to
one particular base station, which results in higher accesshility.

The DECT mobhile can perform handovers between dff erent base stations of
a wireless network as in cdlular mohile communicaion. The difference is
that location, coverage range and frequency reuse of the base stations need
nat be preplanned by a system operator because the system is &f organising
in its use of spedral resources.

To reduce hardware @sts in the base stations accessng multiple mobiles
and to minimise management eff orts, the DECT standard embodes a change
from today’'s conceptualy simple, analogue FDD/FDMA (Frequency
Division Duplex/ Frequency Division Multiple Acces§ to the more
complex FDM/TDD/TDMA (Freguency Division Multiplex / Time Division
Duplex / Time Division Multiple Accesg with digital speed transmisson.
This means that a number of fredy accesshble frequency channels are shared
by multi ple users for both transmisson dredions.

5.4.2 The DECT Standard and its Chall enges

In the DECT standard, the FDM dimension allows access to 10 different
frequency channels in the range 1.88to 1.90GHz. The TDD format means
that ead frequency channel has a repetiti ve frame structure, with ead frame
having up-link and davnlink sedions (as siown in Fig. 5.13. In addition,
DECT provides 24 dots in eat frame, enabling up to 12 sers to share a
frequency channel in time division multiple acces mode. The slots are
separated by guard times to ensure that conseautive time dots are not
overlapping, for channel switching and TDMA power ramping. A total of
120logicd channels would therefore be available & a single base station if
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there were no reuse anstraints. In pradice, a standard DECT base station
has a single transcever and can accessonly 12 d these simultaneously, so
that more than ore base station can service a particular area withou
collision poblems. This alows a dense padking of base stations, without
defined cdl boundiries, resulting in large traffic cgadties[35].

As e inFig. 5.13 aDECT dot beginswith a 16 Lt preanble and a 16 kit
padket synchronisation word (the 32 bit S-field). Thisis followed by 64 bits
of signalling (A-field), which include arobust Cyclic Redundancy Ched
(CRQ for the detedion d padket reception falures. Finally, the B-field
contains 324 bits of data, enabling the transmisson d 32kBit/s ADPCM
coded speed using asingle slot. The transmisgon datarateis 1.152Mbit/s.

DECT- Frame, 11520 Bit (=10 ms>
Fix —> Portable Portable —> Fix

78

///\

Full Slot, 480 Bit (= 417 us)

Iﬁ\\w\m

v+

v+

Guo%df Pre- Pocket Signal \SQ‘t\Oﬁ Data

Time, amble  Synch. A— Field, B.Field,

60 Bit 16 Bit Word 64 Bit 324 Bit

(52 us)> (14 us)> 16 Bit (56 us) @81 us)
14 us>

Fig. 5.13: DECT frame and DECT slot structures

DECT uses the well known moduation format GFSK with the moderate BT
product of 0.5, which provides a compromise between emitted spedrum and
intersymbd interference [36]. The resulting RF-channel bandwidth is abou
1.33R or 1.559MHz (for a 99% power criterion). With the spedfied
channel spadng of 1.728MHz (1.5R), a very significant adjacent channel
emisson d -40dBc occurs (in analogue systems this value is normally
below -80dBc). For successul operation o a wireless DECT speed
conredion, it error rates below 10° and slot error rates below 107 are
required. Table 5.10shows a summary of important DECT parameters.



234 Chapter 5

Transmisson Format: FDM/TDD/TDMA
Frequency Band: 1880- 19000MHz

Centre Frequency for Channel N (0..9) 1897 344 N* 1 728kHz
Number of Frequency Channels 10

Channel Spadng: 1.728MHz

Frame Length (24 Slots): 10ms

Data Rate: 1.152Mbit/s

Moduation Method GFSK,BT=05
Tolerated Bit Error Rate : <10°

Tolerated Slot Error Rate: <102

Table 5.10: Important parameters of the DECT standard
(*) for speed serviceonly

The DECT standard dces introduce some new technicd challenges when
compared to clasgcd analogue systems, as listed below [37,38]:

The dynamic range between conseautive slots can be upto 100dB due to
the dsence of power control.

Due to transmisson delays, channel variations, and synchronisation
errors, the incoming slots can be asynchronows at bit, slot, and frame
level.

High adjacent channel- and co- channel interference caise onflict
situations, leading to arequirement for intraceél handover .

Distributed slot and channel al ocaion requires intelli gent terminals with
field strength and signal quality measurement capahiliti es to estimate,
avoid and hande transmisgon colli sions.

Even in indoa applicaions, the DECT RF channel suffers from
significant dispersion (delay spread).

The asence of channel coding for error protedion (and interleaving)
means that terminals must be @le to hande eror bursts and missng
slots.

FDM/TDMA requires extremely fast switching of synthesisers.

Additional outdoar and indoa/outdoa applications are ewvisaged (e.g.
public acces radio in the locd loop) which may pose further chall enges.
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5.5 A Physical and Medium AccessLayer DECT Testbed
Andreas F. Molisch, Heinz Novak, Josef Fuhl (TU Wien, Austria)

Several testbeds were developed by participating organisations in COST in
order to evaluate the performance of transmisson acording to the DECT
standards. In the foll owing some of the feaures of these ae described.

5.5.1 Modéelling of a DECT WirelessLink

The design of a DECT testbed requires the analysis of a redistic DECT
wirelesslink. The dots are transmitted over a fading channel, and bah up
link and dawvnlink are interfered by various adjacent- and co-channel
signals. The incoming signal at the recever's antenna is the sum of these
signals after convolution with ead individual, time variant channel impulse
resporse, as well as white gaussan nase. Disregarding some diff erences at
higher layers of the standard, the DECT link is on average (but not
instantaneously) symmetrica, and in pradice there is usually one dominant
interferer. Therefore it follows that a single transmisson dredion can be
considered, and it is possble to replacethe set of interferers by one well
defined adjacent- or co-channel transmitter withou losing much generality.

Further, a single dispersive fading RF channel is required (for the desired
signal). In the cae of the interfering signd, it is expeded that the small
indoa delay spreads will not modify the interfering signal behaviour
significantly, andit will be sufficient to implement flat Rayleigh fading.

5.5.2 The DECT Testbed

The basic arangement of the DECT testbed of [39] is own in Fig. 5.14 It
consists of a unidiredional DECT RF link scenario, including one desired
transmitter (TX1), ore interfering transmitter (TX2), the recever (DRX)
and an ogtional channel simulator (CAN). The return link is performed by a
wired low data rate signalling conredion from the recever via a ontrolli ng
personal computer (DTC) badk to the desired transmitter (TX1).
Transmitted data (D_TX), receved data (D_RX) and slot synchronisation
information (DV_TX, DV_RX) is transported by a wired high data rate
conredionto an error courter (ERC).

The @ror counter has as inpus the delayed data and deta-valid signals from
the desired transmitter TX1, and the equivalent signals from the DRX. Three
statisticd parameters are used to quantify the transmisson quality in burst
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mode: the bit error rate (BER), the synchronisation error rate (SER), and the
average bit error rate (ABER) [39].

- T T T T T T T T T T T -

} Ty Forword RF- Link }
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D_TX, DV_TX :RC D_RX, DV_RX

Fig. 5.14: Basic arangement of the DECT testbed

The channel emulator (CAN) used with this testbed is redised by a tapped
delay line with repeaer amplifiers which can supdy antennas at delays of 0
to 450ns in steps of 50 ns. The output power of ead tap is adjustable in
order to seled desired power delay profil es, thereby synthesising a particular
radio environment. The time variant instantaneous delay profil e then results
from the natural Rayleigh fading of every discrete delayed path in a low
dispersion environment. To provide statisticaly independent signal paths,
the antennas are separated by a distance much greaer than the wmherence
distance of the spatial fading pattern.

Corversely, the DECT testbed of [40,42] has nowired conredions, enabling
applicaions and Tx-Rx separations in excessof what is pradicaly possble
with a wired approad. It is therefore particularly suitable for outdoar
operation and dred testing in dspersive ewironments. This testbed
includes adual recever, allowing for live diversity tests. The transmitter and
recaver radio parts are built from standard integrated comporents, and the
modems are implemented via DSPs following ADC/DAC at asuitable IF.
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5.6 Propagation studiesfor DECT environments
AndreasF. Molisch, Heinz Novak, Josef Fuhl (TU Wien, Austria)

The performance of DECT strongly depends on the propagation
charaderistics observed within the deployment area Channel charaderistics
experienced under typicd operation condtions are therefore of grea
interest. As discussed later, for satisfadory performance the rms delay
spread shoud na excead 100rs (withou antenna diversity) and could go up
to maxima of 250rs and 450rs with, respedively, RSS and ided BER
driven diversity [47].

The environments may be cdegorised acrding to the three diff erent types
of DECT system operation [48]:

1) Indoa propagation channel: residential and business cordless
telephores applicaions

2) Indoa/outdoar propagation channel: radio extension d pubdic
and rivate networks

3) Outdoa propagation channel: Telepoint system appli cations

5.6.1 Measurement Results

Narrowband and wideband measurements have been performed in order to
asess the performance of a DECT link for the different clases of
environments. The man focus was on wideband measurements
[4950,51,5357,59,58] and spedficdly on determining delay spread and
fading statistics. The results vary in scope due to the different types of
environments under consideration.

Reference [48] reported typicd values for the delay spread of 11-147rs for
environments of caegory 1, 43270rs for environments of category 2, and
57-231rsfor environments of caegory 3. When Ricean fading was observed
in the measurements the K-fador was usually low (K<2).

Propagation measurements for environments of category 3 (two streds and
two city squares of downtown Oslo) were given in [59]. In streds, the mean
delay islessthan 75rs and the delay spread is lessthan 63rs at 90% of the
measurement locaions. However, for squares (whose dimensions are
larger), these figures rise to 157rs and 148rs, and the delay spread is less
than 100rsin oy 55% of the locaions.
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Tests were caried ou in oudoa and indoa Telepoint environments [53] in
Aalborg (in a railway station and hardware store respedively). These
showed delay spreads up to around 300 B and correspondng frequency
domain magnitude variations Vi, [58] around 20 & (see &so chapter 2
regarding this parameter), using antenna BS heights of 4 m. The
correspondng average dispersion figures were aound 100 sand 10 d.
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Fig. 5.15: Measured impulse resporses, wideband receved
power and celay spreal in the two diversity branches [57].

Wideband propagation measurements were caried ou at the Frankfurt
ralway station wing two dversity branches [57,58,77]. Most of the
observed paver delay profiles show an exporential deaease, suggesting that
the scatterers are located al aroundthe recever. Maximum excessdelays of
3us and celay spreads up to 200- 300rs have been observed. The delay
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spreads are reduced if the base station antennas employ shaped elevation
patterns. Fig. 5.15 shows the mean impulse resporses, the recaéved power
levels and the delay spreads for one such dversity measurement [57]. The
power levels and delay spreads of the two branches have the same statistics,
but their instantaneous values are distinct.

For two monopde antennas mourted 20cm (1.2\) away, the correlation
coefficient of the wideband receved power was lessthan 0.25,i.e. the two
branches can be mnsidered to be uncorrelated.

Finally, measurements reported in [495052] concentrated on stred
canyons. It was observed that the path lossis reduced with resped to free
spacelossby awave guiding gain fador, and that the delay spread tended to
be below 90 rs when the transmitter is placed well below rooftop. However,
paths with larger delays are observed in roundabous and stred crossngs,
and, similarly, the delay spread also increases dramaticdly if the transmitter
antenna is placed above rooftop. It was also shown that the dominant
propagation paths are the dired LOS path, refledions from the wall of
canyons and hadk refledions from building fronts at the end d the cayon.
Besides these deterministic rays which may be derived using ray tradng,
additional scatered comporents were found arising from obstades which
may vary from day to day, and which require astatisticd charaderisation.

Measurements performed in a typicd office aea[51] showed that, uncer
indoa LOS condtions, the delay spreals are very small (typicdly abou 25
ns). However, the delay spreads increase by a fador of four when the
transmitter is placeal in the central court yard and in addition the path loss
can increase beyondthe DECT limits due to e.g. fire proteding walls.

The measurements quated suggest that time dispersion could impad system
performance for environments types 2 and 3.However, even in these caes,
the delay spread values are within a range where diversity andor
equalisationtechniques [47] can be successully employed.

5.6.2 Channel Modédls

From the measurement results obtained, channel models have been derived
for smulation and performance asesanent. An exampleis the set of models
in [60], which are dl single exporentials with delay spread and maximum
excess delay dependent on the type of environment. For type 1
environments, the suggested typicd and worst case values are: delay spread
100rs and 200rs, and maximum excessdelay 691rs and 1382ss. For types 2
and 3,the delay spread range is 150rs/300rs and the maximum excessdelay
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range is 1036r8/2072rs. The profil e taps are Rayleigh fading with a fading
rate of 2 Hz for al environments. The most common channel model,
however, is the two path channel with equal power in the two peths,
although this model is rather simplified [49,60]. Typicdly, bah paths will
be Rayleigh-fading. A more gpropriate model is a 2-delay exporential
decy profile. A smple method for controlling the delay spread for this
model in atest site was presented in [61].
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5.7 Basic Performanceof DECT
Andreas F. Molisch, Heinz Novak, Josef Fuhl (TU Wien, Austria)

In contrast to GSM, DECT does nat use an elaborate dchannel coding
scheme, and the speed coding is much simpler (enabling lower production
and cevelopment costs). As a result, good speed quality can ory be
achieved with BERs below 10°. Thisis therefore the performance threshold
that shoudd be adieved by a DECT system in most circumstances. An
dternative aiterionis aBurst Fail ure Rate (due to code chedk failure or ladk
of synchronisation) below 1%.Err or! Bookmark not defined.

As any mobile ommunicaions s/stem, the BER in DECT is determined
mainly by 5 fadors: (i) thermal noise (additive white Gaussan ndse
AWGN), (ii) co-channel interference (CCl), (iii) adjacent channel
interference (ACI), (iv) intersymbal interference (1S1), and (v) randam FM.
However, the relative importance of these fadors differs from usua
(cdlular) systems. Firstly, DECT is intended to operate mostly under
condtions of large SNR, particularly in high traffic density areas where base
station coverage will overlap, so that SNRs in excess of 30dB can be
expeded. For GMSK moduation, this implies a BER due to nase smaller
than 0.5x<10° (even for a flat Rayleigh fading channel), so that reasonable
speed quality can be anticipated in such an environment. Error rates due to
co-and adjacent channel interference ae dso typicdly small, becaise of the
flexibility in channel assgnment, avoiding interfered channels (this may not
be the cae in an dfice building where various DECT systems are installed
or in cordlessPABXSs). The randam FM is completely negli gible because of
the high detarate.

A physicd processthat may strongly constrain the avail able qudity is the
time dispersion (frequency seledivity) of the radio channel, which causes
intersymbd interference The resulting errors canna be deaeased by simply
increasing the transmitter power, and are thus often caled "error floor" or
"irreducible arors' (althowgh in a later subsedion we will see how these
errors can be reduced by diversity or equalisers). In contrast to GSM, the
spedfications for DECT do nd foresee a equaliser (since performance in
dispersive cdhannelsis nat spedfied), so that DECT may be quite sensitive to
time dispersion. Any echowith a delay larger than ore bit length will clealy
appea as co-channel interference, but even much smaller delays can lead to
considerable BERs. This subjed has been at the are of much o the DECT
reseach in COST 231, and hes led to new insights into the eror
medanisms.
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The simplest model for a DECT system consists of apure MSK moduator, a
GWSSUS channel, and a simple differential detedor. Sampling is dore
either on the first arriving path or on the average mean delay. This g/stem
formed the basis of most of the ealier investigations of the aror floor,
performed using Monte Carlo simulations, measurements, or analyticd
computations.

(i) Monte Carlo simulations [49,58,60,63] are esentialy a straightforward
computer implementation d the system, where the statisticaly changing
parameters, such as the diannel transfer function, nase samples, etc., are
chasen from the gpropriate statisticd distributions. They are very flexible,
and many detail ed eff eds can be implemented and studied.

(i) Measurements were performed onthe DECT testbeds described in the
previous dion[40,42,64] .

(i) Analyticd investigations were caried ou using the group-delay method
[65]: the arors are caused by phase distortions, which are in turn related to
changes in the group delay occurring in the fading dips. Similar results were
also oltained through the echo method, and the correlation matrix method
(more detail s can be foundin Chapter 6).

(iv) Another interpretation o the erors can be given by considering the
phasors of the channel impulse resporse [66]. This method is espedally
suited for the two-delay channel model, where the impulse resporseis

h(t,)=a,(t)xexp(i$,)xd(1-T1)+a,(t)xexp(i¢,)xd(1-12)  (5.1)

where a and & are the statisticaly distributed amplitudes (e.g. with
independent Rayleigh dstributions) and$, and ¢, are the uniformly
distributed phese shifts; 1, and 1, are the delays of the two paths. For such a
channel, errors occur if the normalised total phasor 1+exp[j(d.—b,)]E&/a
falls into certain "error regions' in the mmplex plane. These aror regions
are drcles, whose centre a-ordinates and radii depend ont,—T1; and the bit
combination. The aror regions are dose to the origin; in ather words, errors
occur mainly in deep fades (the same result as oltained by the group delay
method). The average BER is then the probability that the total phasor fals
into the aror region, averaged over the statistics of the impulse resporse.
For small delay spreals, a two-delay Rayleigh channel, and sampling at
Ts=(1,-14)/2 (i.e. the optimum fixed sampling time), we get the exad result

BER=(L/2)x(174)’*(SITY’ (5.2

The main conclusion from these investigations was that the average BER is
approximately 0.5x(S/T)?, where Sis the delay spreal of the channel, and T
the bit length, and that the shape of the delay power profile has very little
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influence on the BER (lessthan a fador of 2). The maximum delay spread
that still gives tolerable speed quality is of the order of 40-100rs,
correspondng to path length dfferences between 20 and 50m. This can
occur easily in larger office buildings, and in oudoa environments. The
latter has beme of spedal importance recently, because of increasing
interest in the use of DECT for radio in the locd loop (RLL) applicdions
[54,59], andfor PCS systems.

The arors are dso busty: if the mobile is in afading dip, then the BER is
extremely high (of the order of 25%), otherwise no errors are observed.
Such error bursts can be quite long, due to the slow speels typicd of
cordless ystems, and the fad that the environment in hanes and dficesis
often qute static.

Performance with Adaptive Sampling : The BER can, hovever, be much
improved if burst adaptive sampling is used in the model [67]. The IS often
distorts the eye pattern in such a way that, whil st there is a residual opening,
the position d this opening changes with the instantaneous channel
constell ation. With adaptive sampling, it is passble to foll ow the most open
position d the eye, while for fixed sampling, the sampling instant may lie
inside an eye dosure region.

For the cae of pure MSK without recaver filtering, adaptive sampling leads
to a omplete dimination d the eror floor. Depending on the dannel
constellation, the optimum sampling time is at the mean excess delay
plus/minus one half the bit length (where the eye will be open). In an adual
DECT system, however, the data sequence is filtered to make the spedrum
narrower (i.e. GMSK is used), and the recaved signal is filtered in order to
reduce noise. These filtering processes leal to a smearing of the bit
trangitions, and to further closure of the ee. In this case, complete
eimination d the eror floor is not possble, and the BER (due to 191) is of
the form k*(S/T)? where k is a mnstant which depends on the filter width
[68]. BER computations can be dore dficiently for a two-path model, by
using ageneralised definition d the error region concept: these comprise dl
channel constell ations that lead to errors regardlessof the sampling time.
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Fig. 5.16: Error floor with adaptive sampling

Fig. 5.16 shows the mmputed BER floor using nea-optimum adaptive
sampling (exhaustive seach o sampling point using 16 times
oversampling). Most striking abou the figure is the dependency of the
results (e.g. delay spread for BER of 10° ) on the moduation scheme and
recaver filter bandwidth. For example, increasing the single sided
bandwidth by 50% more than doubes the delay spread range. In terms of
absolute performance, the figure predicts that delay spreads of 0.140.26 T
(i.e. 120225 rs) could theoreticdly be adieved whil st using the range of IF
filter bandwidths typicd of DECT. However this assumes perfed
synchronisation to sometimes negligibly small eye openings, no plase
distortion in the recaver filter, perfed frequency synchronisation, and an
ided differential phase detedor. In pradice alimit of around 100 Bis more
redistic.

The determination d the optimum (adaptive) sampling time is thus a matter
of considerable importance for performance optimisation d DECT in
dispersive channels. One posdble method is to use ametric based onthe
size and length of the eye opening [69]: if the eye is open in severa regions,
then the middle of the region with the longest opening is chaosen as the
sampling time. Anather possbility isthe explicit use of the DECT preamble,
which is known to the recever. It is posdble to make a N-fold
oversampling of the receved signal, correlating it with the transmitted
sequence, and seach for the maximum correlation pant. The optimum
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sampling time can orly be foundif noise is negligible, and infinitely high
oversampling used. However, numericd computations have shown that N=4
or N=8 giveresults that hardly differ from very large oversampling.
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5.8 DECT Radio Performance Enhancement
LuisLopes (University of Ledls, UK)

The &ove discusson has concluded that there ae some ewironments
(particularly some of type 2 and 3 where the performance of the basic
DECT receiver (i.e. standard limiter discriminator or phase detedor without
diversity) will be degraded by time dispersion. DECT however is a flexible
standard enabling the integration d additional performance enhancement
fedures as afunction d cost and performance requirements. Spedaficaly, it
is possble for manufadurers to deploy a large variety of different spatial
diversity techniques or channel equalisation - but nore of these is demanded
or constrained by the standard. In the following, a number of novel
proposals developed duing the curse of the projea will be discussed.

5.8.1 Standard Spatial Diversity: Switch and Seledion Tedchniques

In general, it is envisaged that some form of diversity shoud be provided at
the base station orly, most commonly by using two antennas. Antenna
combining has been orly briefly considered [53,70], and most proposed
arrangements use some form of switch o seledion, as illustrated in Fig.
5.17.

In switch diversity, a metric is computed at the base station onrecegotion o
eath bust; this metric could be simply the RSS or the CRC chedk, or
another parameter. Using this metric, adedsionis made & to which antenna
to use for transmisson, as well as for the next recetion. In selection
diversity, two parall el recever chains are provided such that two metrics can
be computed. Typicdly, antenna seledion onthe uplink would be made
after detection, on olservation d the CRC chedk and RSS, and the dhosen
antenna retained for the downlink.
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Fig. 5.17: Switch and seledion dversity configurations

The implementation variables are therefore the quality metric and the
configuration. If the channel is gatic (no movement of either environment or
portables) and the only impairment is low signal level, then there will be
minimal performance differences resulting from these variables. This
situation is however untypicd of red cordless environments which can
display both continuows and busty channel variations, and suffer from
interference (andin some caes from time dispersion).

The best theoreticd performance from a dual antenna arangement is
achieved when knowledge of errors at both antennas is available. Under
bath ndse and interference ondtions, a gan o abou 10 dB is then
obtained uncer Rayleigh fading at the target BER or BFR (Burst Failure
Rate). For time dispersive cndtions, the aror region method peviously
discussed can aso be used to compute this performance limit. In this case,
errors occur if the total phasors of both diversity branches fall into an error
region, and it is foundthat the eror floor is much smaller for low delay
spreads but increases with (S/'T)". The theoreticd maximum delay spread
would again be afunction d the IF filter, bu is typicdly in excess of
400ns.

Typicd BFR performances of seledion dversity schemes based on CRC
and RSS9 are shown in Fig. 5.18 for a delay spread of 200rs [40]. As
expeded, the performance of a standard detedor is not acceptable even at
high values of Eb/No. RS seledion dversity provides sme gain bu still
has a very marginal performance and finally CRC seledion is clealy
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superior (although it still oses a few dB with resped to a flat fading
channel). Similar results have been oltained by other studies [60,62,63]; for
example, in the ntext of the Frankfurt raillway station measurements
discus=ed in Sedion 5.6.1[57, 58], it was concluded that only error rate
(CRQ driven seledion dversity could deliver a satisfadtory performance
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Fig. 5.18 Burst Failure Rate for a two path Rayleigh fading
channel with delay spread of 200 rs

However, the use of two recaver chains at the base station (required for
seledion dversity) is not very pradicd, so implementations tend to use a
switch arrangement. This means that the up-link antenna is chasen on the
basis of the quality of the previous burst (a delay of 10 ms); in addition, for
both seledion and switch dversity, the downlink antenna is chosen onthe
basis of the previous uplink (a delay of 5 ms). In redistic channel

condtions, it is quite possble that the channel charaderistics will have
changed enough duing such delays for the antenna seledion to be incorred.

In the extreme, the choice of antennawould na be mrrelated to red channel

condtions, and all diversity gain will belost [41,62].

This important limitation is illustrated in Fig. 5.19 [41], which shows that
virtually all diversity gainislost at portable speeds of 1 m/s and above when
a switch configurationis used. Up-link seledion dversity providesagain of
abou 10 B, independent of speead, while the downlink still degrades
considerably less than in switch mode (since both diversity branches are
sensed simultaneously in the uplink, providing additional information). In
summary, diversity is avery powerful means to improve DECT performance
under a wide range of impairments but its effediveness can be seriously
reduced under mildly dynamic condtions if the more dficient switch
configuration is employed (see #so chapter 3 for a more general discusson
of diversity techniques).
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Fig. 5.19: Performance of different diversity arrangements on
up-link and davnlink diredions as afunction d portable speed

5.8.2 Diversity Tedniquesin Dynamic Channels

Various algorithms to reduce speed dependence and generaly improve
diversity performance have been proposed during the course of the projed.

Combined RSSI and CRC criterion for switch diversity [43]. In this
algorithm, the up-link RSS is averaged using a siding window. Then an
antenna switch is performed if either there is a CRC fail ure (as before) or
the RSS falls below a threshold (e.g. 10 BB below the arrent average).
Both the threshdd and the width o the windowv can be aljusted for best
performance This heme dfedively provides soft information in addition
to the hard CRC chedk, which may prevent the occurrence of some CRC
fallures. Under Rayleigh flat fading condtions and at 1 nvs, the scheme
gains abou 2 dB with resped to a CRC controlled switch, but still falls well
short of seledion dversity (seeFig. 5.19.

RSSI prediction for downlink antenna selection [44]. This agorithm is
primarily conreded with seledion dversity schemes and aims at improving
the performance of the downlink (which still suffers from a5 ms delay). If
both antennas have an identicd CRC chedk result (either corred or fail ed),
then adedsion onwhich antennato use is made by predicting the RSS level
at the instant of the downlink, and choasing that which gives the highest
value. This algorithm gives a relatively small i mprovement to the downlink
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performance, bu thisis obtained at virtually no cost in complexity since dl
metrics used are dready computed anyway, and the prediction method can
be very simple.

Emulation of RSSI selection diversity [45,78]. This sheme atempts to
emulate ided seledion dversity whilst using one antenna only. Considering
the DECT burst structure shown in Fig. 5.13 it can be seen that overall, the
preamble and padket synchronisation word cary a total of 32 kts which
makes clock and frame synchronisation pasble for simple recevers on a
burst-by-burst basis. However, more sophisticaed recevers may only
require aportion d this 32 Lt field to adchieve synchronisation, and in
particular a scheme was proposed by Kadel [77] which achieves this goal.

In this case, a significant portion d the initial preamble (typicdly 14 Lts)
bemmes redundint and may be used for other purposes, such as pre-
detedion RSS measurements.

The principle of operation d this £hemeis drownin Fig. 5.20

Fig. 5.20 Ascan be seen, the recaver makes fast RS9 measurements on the
two antennas, finally settling on the highest RS antenna for reception o
the burst. As such, it will emulate ided RSS seledion dversity in the up-
link whilst operating only a single recaver. It will also improve the
downlink performance since it provides knowledge of the airrent RSS of
baoth antennas.

Switch Switch Clock & Frame
Guard RSE 1 time RSS) 2 time Guard Synchronisation
>

<—— Preamble (16 bits}————|~

Fig. 5.20: Timing diagram for RSS measurements on two
antennas during the preamble

Pradicd questions of importance with this sheme ae to what extent
switching intervals are sufficient for switching and settling of the recever,
and the required interval for RSS measurement. Typicdly, orly 3-4 hit
periods may be avail able for ead antenna; however the signal is periodic
during the preamble and so is the envelope. Hence signal level averaging
shoud settle reasonably quickly. In addition, the @solute acaracgy of the
measurements is relatively unimportant, since only a comparative measure
of the antennas is required. This sheme shows good pomise for base
station dversity, as well as possbly for portable diversity, sinceit requires
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one recaver only. It must operate in conjunction with a synchronisation
algorithm similar to that used for equali ser initiali sation, and for this reason
studies of its performance when combined with equalisation have been
caried ou, and are discussed later.

Optimum diversity combining [46,70]. Finadly, opimum diversity
combining has also been evaluated for DECT. In this sheme, it has been
asaumed that 31 Lt Gold sequences are alded to ead DECT burst
(providing in principle different mohiles with different sequences © as to
identify co-channel interferers). This is then used onreception to estimate
optimum combining weights for an antenna aray. It is srown that, in the up-
link diredion, it is posdble for the base station recever to dfferentiate
between the wanted signal and co-channel interferers, as well as to reduce
the sensitivity to delay sprea.

It will be difficult to redise such gains in pradice since for example, the
antenna phases would need to change during the burst to tradk carrier
frequency offsets and in addition adual DECT synchronisation words are
identicd for all portables. The downlink case is more problematic as the
combining weights for transmisson will be incorred due to channel
variations (and the interfering environment is not identicd in the up-link and
downlink diredions).

Antenna pattern diversity [53]. All the &ove schemes use standard antenna
gpatial diversity. In [53], the diversity branches correspond to dfferent
patterns resulting from combining with dfferent relative phases. This
concept can provide orthogonal patterns with strong and wide null's, and the
resulting spatial filtering may provide less dispersion than amnidiredional
spacediversity.

5.8.3 Equalisation Techniquesfor DECT

In future PCS applicaions of DECT, bah time dispersion and patable
movement may be significant and simple switch dversity will not provide
sufficient quality. Even the advanced diversity algorithms discussed above
have limitations snce they are dther based onRSS measurements or only
deliver up-link gain (or both). Equalisation can therefore be cnsidered as a
posshility.



252 Chapter 5

12 ®
104
L 8 -
2 o
4 -
2
0 P T g 19
-4 -3-2-10 1 2 3 4
Shift

Fig. 5.21: Magnitude of the aitocorrelation o the Sfield
subsequence starting at bit 17 with length 11[77]

Since the design dd na envisage the use of equalisation, no training
sequence was provided in the DECT burst for channel estimation and
synchronisation. However, there is a sub-sequence of the S-field with very
useful autocorrelation properties [77], as down in
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Fig. 5.21 This quencestarts at bit 17 d the Sfield and has alength of 11
bits (atotal of 12 moduated samples). As can be seen from the figure, this
sequencewould al ow channel estimationfor a short length channel, or even
for longer lengths with relatively small error.

This squence was used in [77] to estimate the channel, modelled by only
two taps, and hence set up the table for a simple 2-state Viterbi equaliser. It
was rown by simulations that such an equali ser can extend the delay spread
range (in very high SNR) to at least 600 rs. Addtiondly, using the
measurements from the Frankfurt railway station [57,59], it was foundthat
the eualiser coud deliver reasonable performance in aress where
previously error driven diversity would have been required. Further, the
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combination d such dversity with an equaliser was found to remove
completely the high SNR error floor.

A study using a Dedsion Feedbad Equaliser was also carried ou [71]. Both
these structures, however, suffer from a residual lad of compatibility with
the standard, since DECT units have high degree of tolerance in resped of
operating carier frequency and frequency deviation. Both equaliser
structures mentioned will not operate in condtions where the relative
frequency off set between the two ends of the link is greaer than about 0.2-
0.3% of the bit rate (about 300Hz) [77].

A noncoherent equaliser recever has been proposed as a means to
overcome these drawbads [72,73,74]. A basic proposal for this smply
consists of a differential operation (multiplying the signal by its delayed
complex conjugate) followed by a Viterbi equaliser.

It is foundthat the samples of the output can still be expressed as a linea
combination d the original data bits plus sme nonlinea terms, enabling
the operation d a MLSE algorithm. Further modifications to this gructure
have been introduced in order to extend the dispersion range and increased
tolerance to frequency offset [74,78]. Fig. 5.22 shows the performance that
can be obtained, with a maximum delay spread of over 400 rs at an Eb/No
of 30 dB. In addition, it can suppat offsets close to 10% of the bit rate,
which shoud be alequate in the DECT context.
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Fig. 522 Delay spread performance of the non-coherent
equaliser [74]
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5.8.4 An Advanced DECT Recaver Concept

This dructure is the natural development of some of the ideas discussed in
the previous edions. Since the dgorithm for emulation d RSS diversity
requires only some of the Sfield, and daes nat overlap with the egualiser
training sequence, it becomes possble to combine diversity emulation and
equalisation in a single recaver. Such a structure provides excdlent all
round performance as found in the various evaluations caried ou
[78,79,8(]. It can be gplied to base stations as well as portables snce it
reguires a single recever chain (but a doulde antenna arangement must be
provided, as well as additional signal processng).

Table 5.11 shows an overall comparison d some of the most important
recaver types discussd in this sdion, taking the basic (standard) recever
as a reference Shaded boyes highlight aspeds that do nd quite med
performance or complexity requirements. The Table confirms that the
advanced concept briefly described above (last row of the Table) provides a
very robust overall performance In fad, it has been shown by pradicd
measurements to ouperform CRC driven seledion dversity, even though
this makes use of two parallel recaver chains[79].

Recever Diversity |Dispersion|  Speel Complexity
Structure Gain Limit |Dependency |Implemen|Signal Proc.
tation
Standard Receéver (LD or 0OdB |80100rs LOW Single RX LOW
DD)
RSS-driven Diversity »10dB |170200rs| HIGH Single RX LOW
(Switch)
CRGdriven Diversity »10 B [350400 rs| HIGH Single RX LOW
(Switch)
CRGCdriven Diversity »10 B [350400 rs LOW  |DoubdeRX LOW
(Seledion)

Emulated RSS-driven »10 B [150-200 rs LOW Single RX LOW
Diversity (Preanble-based)

Non-coherent Equaliser | »0 dB [450-530 rs LOW Single RX HIGH

Preamble-based Diversity &| »10 dB 480560 rs LOW Single RX HIGH
Noncoherent Equali ser

Table 5.11: Comparative performance of DECT recevers
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5.9 A DECT Field Trial in a Multipath Environment

Magne Pettersen, Rune Harald Rakken, Bjarn Erik Eskedal (Telenor
R& D, Norway),
Joar Lgvsletten, Jan Tore Deilkas (Telenor M obile AS, Norway)

This edion describes briefly some performance studies using a DECT field
trial network set up by Telenor of Norway in order to gain experience and
evaluate the subscribers' interest in mohility at the locd level [75,76]. Other
such trials have been reported (e.g. [54]), bu this is used here & an
illustrative example. Farde, the locaion d the trial, has 9000 inhabitants
andis locaed in a mourtainows area ceaing challenging radio propagation
scenarios. The main reason for choacsing Farde for the field trial was that the
distances between residential and businesgindustrial areas are relatively
short. If roaming is alowed between different environments, coverage can
be provided within the entire loca community.

The DECT tria system at Ferde was delivered by Ericson, and consists of
240 handsets (portable parts - PP, 160 radio base stations (RBS) and a
central control fixed pert. In al, the system can carry 40 simultaneous cdls.
Environment charaderistics and system planning aspeds of thefield trial are
shownin Table5.12

Space diversity is employed on the RBSs: a simple switching diversity
algorithm based on the gyclic redundancy chedk (CRC) of the previous
frame is used to switch between antennas. Average distance between RBSs
equipped with omnidiredional antennas and customers residences is
approximately 50 meters. When the base stations are ejuipped with
diredional antennas the average distanceto the austomersisincreased to 80
90 meters. The maximum cdl radiusin the system is 400 meters.

Services offered. Approximately 50 howsehods and 55 bginesdindustry
companies participate in the trial. The number of handsets used in a family
varies typicdly between 1 and 3.By allowing in some caes sveral family
members to have their own handset with a dedicated telephore number, a
personal serviceis off ered to the austomers. The number of handsets off ered
to a mmpany varies between 1 and 11.Cals can be made and receved
within the entire mvered area (2.0-2.5 sg. km) and seamless handover is
performed between all 160 tase stations. Some trial customers both live and
work within the cverage aeg benefiting from the posghility to use the
same handset both at work and at home. During the test period pivate
customers pay the same tariff asfor fixed telephore. The same offer is given
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to business users. In addition, al normal PBX functions are provided
alowing business users for instance to make freeinternal cdls within the
covered area

Experiences from the trial. Most existing DECT produwcts have been
designed and targeted for indoa appli cations. However keegping in mind the
patential of DECT in an oudoa environment both as a techndogy
providing locd mobility and as a fixed radio access slution (repladng
copper), ore of the main technicd goals was to understand the strengths
/wed&knesses and improvements neaded on current versions of the DECT
system in order to operate in bah indoa and oudoa environments.

Residential Downtown Businesd Recreation
area area Ind. area area
Area 0.9 km’ 0.4 km? 0.4 km? 0.5 kn?
characteris- 700residences shops, pullic massve fields, open
tics both hilly and buildings (3-6 buildingswith | green aress,
flat areas with floors) thick concrete | sporting
some vegetation | flat area walls ares
flat area
Planned outdoar outdoor outdoar outdoar
coverage indoa in most indoa in public | indoain indoa in
rooms except aressandfor al | areasof pubic aeas
basements business importancefor
customers thetrial
partly in shops customers
Installed base | 64, al outdoar 15 oudoar 11 oudoa 3 oudoa
stations 40indoa 19indoa 6 indoa
Subscribers 52 famili es 27 business 16 bisiness 4 business
customers customers customers
Number of 90 handsets 74 handsets 58 handsets 10 handsets
handsets

Table 5.12: Environment charaderistics and system planning
aspeds of the DECT field trial at Ferde [76]

Regarding indoa coverage, several aspeds were foundthat can minimise
the number of base stations whil st still achieving high speed quality. These
include acarate positioning of the base stations, 3-dimensional planning
strategy, knowledge of the interior constructions and types of refleding
objeds and materials of celing, walls and floors attenuating the signal
strength. Experience from the trial has given valuable information abou the
expeded cdl range in a variety of different indoa environments ranging
from more than 50metresin open hall areasto lessthan 15metresin heavily
reinforced areas. As a result of the limited cdl radius careful site planning
can reduce the number of indoa base stations by more than 30%.
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In oudoa areas, many subjedive tests have been performed giving valuable
information onthe system performance On the positive side, it has been
foundthat the speed quality isin general good (e.g. better than GSM) as
long as there eists afreeline of sight path between the base station and the
terminal, and nomajor refleding objeds are in close vicinity. Good speed
quality has been oltained more than 400 m from the dosest BS (without
diredive antennas) and approximately 1 km from base stations using
diredive antennas. Finally, tests ow that it is possble to communicate and
perform handovers whil st driving even though the system was not devel oped
for usein cars. However a cetain degradationin quality is experienced.

On the other hand, it has also been found that the link quality is highly
dependent on whether line-of-sight (LOS) is available, and that the speed
quality is variable in open square aeas (typicdly surrounced by refleding
buildings) even when there exists a LOS path between the BS and the
terminal and the average recaved signal strength is high. The link quality is
also dependent on whether the user moves or stands gill, and is affeded by
the user's orientation and pgitioning of the handset relative to the base
station.

However, the overall impresson from customer surveys indicaes that most
of the astomers are satisfied with the DECT QoS within the planned
coverage aea In the foll owing, the focus will be on oudoa problem aress,
pointing out passble solutions to aid in the system planning.

5.9.1 The Measurement Equipment

Telenor R&D’s channd sounder [59] is based on a frequency swee
technique, and has a maximum measurement bandwidth (BW) of 200 MHz.
Only instantaneous impulse resporses (IRs) are treded; based onthese, the
cumulative distributions of the Delay Spread and the Delay Window are
obtained [59] (see tapter 2 for definitions of these).

The dannel sounder can be used to derive parameters indicating
performance of DECT in a multipath environment. The delay spread gives
an indication d radio system performance for a standard DECT recever,
while the delay window is well suited to indicae the performance of a
recaver that employs a dhannel equaliser. Simultaneously, the Symbionics
DECT Propagation Tester provides measurements of a number of
parameters, including signal level (RSS) and BER. Handsets are included to
alow subjedive evaluation d speed quality.



258 Chapter 5

Microcdlular city stred and city square measurements have been performed
in the Oslo areg as reported in [59]. In city streds delay spreal values are
usually small, and multi path propagation daes not limit DECT performance
In city squares with larger dimensions, multi path propagation would often
cause severe problems to DECT communications, raising the need for some
means to combat the influence of frequency seledive fading. To verify
DECT wvulnerability to multipath propagation, laboratory measurements
were performed with a fading smulator between the TX and the RX of the
Symbionics DECT propagation tester. The BER shows a strong dependence
on ddlay spread, and the DECT performance limit of BER 10° [77] is
readed at delay spread values of abou 100 rs.

ML 5000 07

Fig. 5.23. Ferde, measurement routes 1-3. Shaded areas
represent buil dings

5.9.2 Farde Measurements

Measurement scenarios. Measurements were performed at different
locations within the mverage aeaof the DECT trial system, particularly in
regions where QoS was reported to be unsatisfadory despite sufficient
signal level [75]. In all measurements, the RX antenna was omnidiredional
with 2.1 dBi gain pasitioned ona 2 m high pde fastened to the ca. All
measurements were made & a speal of abou 20 kmv/h (approximately 30 cm
between IRs). Fig. 5.23showsroutes 1 to 3.

In routes 1, 2 and 3the TX antenna was omnidirediona, elevated to 3.5
meters, and paitioned as shown in the figure. Outside the map, to the south,
there is a stegp hill rising abou 300 meters above the measurement area
Along route 3 the dired path was ometimes blocked by moving cars. Most
of the buildings in this area were brick or stone howses of two o three
floors. In route 4, an omnidiredional TX antenna devated to 5 meters was
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used. There was a metal shed between the TX and RX antennas, blocking
the dired path in most of the route.

Measurement routes 5 and 6are shown in Fig. 5.24 In bah routes, the TX
antennas were diredional pointing south, parallel to the road. TX antenna
heights were 4 meters. In route 5 the TX antennagain was 7.1 Bi, and 14.1
dBi in route 6. There was a line-of-sight path from the TX to the road of
route 6, bu the LOS was ometimes blocked by residential wooden hotses.

Fig. 5.24: Ferde, measurement routes 5-6. Shaded areas
represent lots with residential houses

Measurement results [75]. The delay spread and window parameters were
measured using the channel sounder, and their cumulative distributions were
cdculated. In addition, the DECT propagation tester was used to measure
BER and RSS. and the 50 and 90 prcentiles of the delay spread and 90%
delay window parameters are shown in Table 5.13.

From the DS measurements, orly route 3 would be epeded to have
propagation conditions that the basic DECT recever could handle [77]. The
others have many locations with delay spreals exceealing 10% of the DECT
bit interval. In route 4 the DS is amost al the time @ove 100 rs, indicaing
that DECT communication withou diversity or channel equali sation would
be impossble. Both routes 4 and 6 tave delay spreal values which exceeal
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those reported to be possble to hande by using diversity techniques. It
shoud be kept in mind, havever, that the routes are chosen from aress
where QoS problems have been reported. Some of the time dispersion could
easily have been removed with different RBS locdion. In routes 3 and 6the
maximum distance between RX and TX exceels the normal cdl radius used
in the Farde system.

Route Delay Spread (ns) Delay Window (ns)
50% 90% 50% 9%
1 76.6 2189 40 440
2 75.3 1411 60 260
3 411 96.7 40 60
4 2720 3169 640 700
5 60.5 1327 40 120
6 106.6 4151 100 1040

Table 5.13; Measurements from Farde

Thetime dispersionis svere on bdh routes 5 and 6,showing that the use of
diredive aitennas to extend the mverage aea of the RBS may cause
problems due to time dispersion when the recaver is not locaed within the
main lobe of the TX antenna pattern. Thisis because strong refledions from
the most strongly ill uminated aress can read the recaver with considerable
excessdelay due to the larger dimensions of the cdl. It isalso naed that, in
general, the delay spreal hasits largest values in pgsitions where there is no
L OS path from the transmitter to the recever.

Error! Not a vaid link.
Fig. 5.25: BER versus delay spread from Farde

It was expeded that the high delay spreads foundamong these measurement
routes cause high BER values. To verify this, averages of the delay spread
taken over the same distance @ the BER were cdculated. Fig. 5.25 shows
BER as afunction o delay spread for all the measurements made & Ferde.
The RX level was rarely below -70 dBm, and the points for which the RX
level was below thislevel have been removed (so asto focus onthe dfed of
time dispersion). The plot also shows the regresson line, which crosses the
BER of 10° at approximately 120 rs.
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5.9.3 Conclusionsfrom Field Trial and Measurements

The experience in the trial shows that the DECT techndogy is a strong
candidate for providing speed services and mobility in indoa
domestic/businesdindustrial environments. However, for providing outdoar
locd mohility the techndogy is relatively immature and too sensitive to
radio propagation condtions[75,76].

For this reason, wideband multi path measurements at 1950MHz and DECT
performance tests have been performed in a number of environments in the
DECT field trial area where unaccetable QoS was reported. There was
severe time dispersion in many of the routes, and in some of the caes the
delay spread exceeded values reported to be handed by DECT employing
simple diversity schemes. The use of diredive antennas can extend the range
of the cdl, bu the multipath situation can worsen if the recaver is not
located within the main lobe of the TX antenna radiation pettern. The
dispersion aso increases considerably if the LOS path is obstructed.

Some of the time dispersion affeding DECT QoS could easily have been
reduced by adifferent choiceof RBS|ocation, cemonstrating the importance
of proper base station ganning. DECT performance would in any case
improve significantly if advanced dversity techniques or a cdhannel equali ser
are introduced to cope with multipath propagation [78,79]. This oud be
born in mind when planning outdoar DECT implementations for pulic use.

With an improved air interface the high cgpadty of DECT, the variety of
services suppated by the standard and its smple/flexible network structure
makes it a very interesting candidate both as a pure @pper replacanent
conreding subscribers to the fixed network and as a pulic radio acces
solution providing locd mohility.
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5.10 Traffic Capacity for the DECT system
Valerio Palestini (CSELT, Italy)

This edion deds with DECT cgpadty for service provision. DECT enables
both voice and chta services at bit rates siitable, for example, for ISDN
conredion, hgh cgpadty and a dynamic channel seledion medhanism
which avoids the neal for frequency planning. DECT is in fad an access
system to networks such as PSTN, ISDN, GSM, etc.

One DECT transcedver [83] can manage up to 12 bi-diredional voice
channels, due to the frame achitedure shown in Fig. 5.26 A bi-diredional
voice onversation wses a so-cdled "dupex beaer", comprising two time-
slots sparated by 5 ms onthe same carier.

TX Rx
,,,,,,,,,,,,, ><,,,,,,,,,,,,,
wee | LD Z L

4

Rx TX
PP L AL
12 3 12§13 14 15 24

10 ms

Fig. 5.26: Frame achitedure for one DECT dugex beaer

Capadty results are provided for two of the most commonly mentioned
applicaions of DECT - the WPBX (WirelessPrivate Branch eXchange) and
RLL (Radio Locd Loop. DECT was in fad originaly designed with
WPBXs in mind, bu many other posshiliti es proved to be very interesting,
and particularly the replacement of the last part of copper wires conreding a
subscriber to the fixed network by aradio path (usualy referred to as RLL ).
In bah cases, the caadty results are obtained by simulations, using the a-
hoc scenarios described.

5.10.1 WPBX application

Voice servicee Terminals are randamly positioned (with  uriform
distribution) within a reference threestorey building 100 metres x 100
metres X 9 metres, in which 16 lase stations are regularly spacal in eat
storey (Fig. 5.27). Terminals are considered to be static during the cdl; eah
terminal generates 0.2 Erlang of traffic and the mean duation d a cdl is
120 seonds. The radio propagation model asaumes a propagation decey
equal to 3.5,an attenuation ketween floors of 15 dB, an additional fador in
the range +/- 10 dB to acount for shadow fading, and a Rayleigh fade
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margin of 10 dB, if antenna diversity is applied, a 20 dB, withou antenna
diversity.

Fig. 5.27: Referencebuilding

The system spedrum alocation, the radio parameters (transmitted power,
recaver noise floor, adjacent channel rejedion fadors, etc.), and the cdl
procedures (set-up and handover for both single aad multi-beaer channel
alocaion models), are in acordance with the DECT spedficaions [83].
The @m of this work is to evaluate, for ead type of terminal, the grade of
service (GOS) versus the number of bases per floor:

Number of blocked cdls + 10CNumber of interrupted cdls
GOS= (5.3
Number of total cdls

In works deding with DECT simulation performance [84], the maximum
accetable GOSis 1%. Diff erent scenarios are taken into acourt:

e asingle systemin the building;
 threedifferent systems (one per floor) synchronised or unsynchronised.

As afirst assaumption, systems are considered ursynchronised if frames are
not aligned; in addition, the shift between the first timeslot of the frames of
eat system is taken to be not greaer than ore timeslot as iown in Fig.
5.28

Fig. 5.28: Threeunsynchronised systems in the buil ding
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When a single WPBX system is introduced in the building with a floor
attenuation d 15 dB, the maximum cgpadty of the system in terms of
Erlang per RFP readed with a GOS equal to 1% is abou 5.6 Erlang,
correspondng to 9000 Erlang/kmZ/floor; if a higher separation between
floors is introduced (i.e. Af=20 dB), this value beames 6 Erlang (9600
Erlang/kmé/floor).

In the second scenario, a different WPBX system is positioned onead floor
of the building; terminals can orly set up a cdl and make handovers with
base stations of their system, that is of their floor. The cases of al systems
synchronised and all unsynchronised are taken into ac@urt. The comparison
between the threescenariosis ownin Fig. 5.29

2 S N A
--- @& -- 1system

—/—— 3 systems synchronised

15 | o Y S !
— 1+ 3 systems unsynchronised ' ' |

G5 (%

Offered traffic (Erlang/RFP)

Fig. 5.29: Offered traffic per RFP with three systems in the
building (synchronised and ursynchronised)

The results obtained by simulations sow that coexistence of different
WPBX systems, also ursynchronised, is possble with alossin cgpadty, in
the worst case, of lessthan 20%; in fad the total cgpadty obtained is abou
7400 Erlang/kmZ/floor, instead of about 9000 Erlang/kmZ/floor for the
reference cae of 1 systemin the building with Af=15 dB.
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Af (dB) Erlang/RFP Erlang/kmZ/floor
1 system 15 5.6 9000
20 6 9600
3 systems 15 5.7 9100
synchronised
3 systems 15 4.6 7400
unsynchronised 20 5.8 9300

Table 5.14: Traffic cgadty for diff erent system scenarios.

Better performance is obtained when the physicd separation between
different systems is higher, that is when the floor attenuation considered is
20 B. In fad, in that case, the loss in cgpadty when 1 system in the
building is substituted by 3 ursynchronised systems is almost negligible: the
total cepadty deaeases from 9600 ErIang/ka/roor to 9300
Erlang/kmzlfloor. Results are summarised in Table 5.14

Mixed wvoice-data scenario. The results reported heredter on the
performance of DECT in a mixed voice-data scenario have been oltained
under condtions smilar to the cae of voiceserviceonly; the diff erences are
in the dimensions of the reference building, (now 60 m x 60 m x 9 m) and
the traffic per terminal (0.15Erlang instead of 0.2 Erlang).

Terminals are mnsidered to be static during a cdl, so that only intra-cel
handover can occur. The total number of terminals (belonging to the same
DECT system) in the building is 540 (so that, onaverage, there is one per 20
square metres of floor). The results are presented in the cases of either 10026
voice terminals or 80% (i.e. 432 voice terminals, 10% (i.e. 54) ISDN
terminals and 10% fax terminals. It is asumed that a voice terminal requires
one dudex channel, an ISDN terminal requires one norma dugex channel
for signalling plus one or more dudex channels (multi-bearer symmetric
conredion), and a fax termina requires one norma dugdex channel for
signalling plus one or more doulde simplex channels (multi-beaer
asymmetric conredion). In the two latter cases, a multi-beaer conredionis
defined by the minimum number of beaers (Bm) that the mnredion can
accept and the target number of beaers (Bt) needed by the conredion.
These beaers, in general, could be obtained from diff erent base stations, bu
here it is assumed that they are obtained from the same base.
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The mean traffic a the base is cdculated as the average number of slots
used at the base. For ead type of terminal the aserage number of adive
conredions per base is also computed. As in the cae of voice service the
referencevalue of GOSis %t to 1%.

The performance results, presented in Fig. 5.30 and Fig. 5.31 show five
curves in eat graph; one for the reference cae of 100% voice terminals
and four for the cae of 80% voice 10% ISDN and 10% fax terminals,
distinguishing, for the latter case of an asymmetric conredion, ketween the
uplink (terminal-to-base station) and the down-link (base station-to-
terminal).

In all casesit can be seen that for fax terminals the up-link is more aiticd
than the down-link, as base stations are dfeded by interference from other
base stations transmitting in the same time slot (particularly those verticaly
aigned ondifferent floors); the same happens in the down-link for voice or
data terminals, bu as they are randamly positioned this effed is less
significant. A posshle adion to improve performance can be to install base
stations in such away as nat to be digned onadjacent floors.
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Fig. 5.30: Performance with dversity in a mixed voice-data
scenario. The minimum (Bm) and target (Bt) numbers of
beaers are afoll ows:

Bm=Bt=3, for ISDN terminals
Bm=2, Bt=3, for fax terminals
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Fig. 5.31: Performance with dversity in a mixed voice-data
scenario. The minimum (Bm) and target (Bt) numbers of
beaers are afoll ows:

Bm=2, Bt=4, for ISDN terminals
Bm=Bt=2, for fax terminals

Number of connedions per base Mean traffic
per base
Bases Diversity | Voice |ISDN |fax fax Mixed | voice
per floor uplink | downlink | voice | only
data
4 with 5.44 0.23 0.1062 | 0.12 6.7 6.9
9 with 2.42 0.10 0.06 0.05 3.0 3.1

Table 5.15: Traffic evaluation in a mixed voice-data scenario.
For fax terminals the minimum (Bm) and target (Bt) number of
beaers are Bm= 2, Bt= 3; for ISDN terminas Bm= Bt=3. This
table shows the average number of conredions per base for
ead type of terminal and the mean traffic per base in terms of
average number of used dots.

The voice service does not seem to be much impaired in the mixed voice-
data scenario with resped to the cae of voice only; in the cae of 9
bases/floor and dversity, for all the examined kinds of terminals the GOS is
below 1%.
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Table 5.15and Table 5.16 show the mean traffic for eat kind o terminal,
in terms of average number of adive @mnredions/base, and the total mean
traffic, in terms of average number of slots/base. It is worth naing that for
voiceonly and 4 tases/floor with dversity (a cae in which the GOS is less
than 1%) the traffic is 6.9 Erlang/base, which corresponds to abou 7700
Erlang/kmé/floor. For mixed voice-data services, the necessary number of
basedfloor to have GOS lessthan 1% is 9 (if diversity is applied), for all
kinds of terminals; the tables indicae that in al the examined cases the
mean traffic is in the range 3-3.3 Erlang/base, correspondng to 75008200
Erlang/kmé/floor.

Number of connedions per base Mean traffic
per base
Bases Diversity | Voice |ISDN |fax fax Mixed | voice
per floor uplink | downlink | voice |only
data
4 with 5.37 0.18 0.15 0.17 6.7 6.9
9 with 2.61 0.08 0.09 0.08 3.3 3.1

Table 5.16: Traffic evaluation in a mixed voice-data scenario.
For ISDN terminals the minimum (Bm) and target (Bt) number
of beaers are Bm=2, Bt=4,; for fax terminals Bm=Bt=2. This
table shows the average number of conredions per base for
ead type of terminal and the mean traffic per base in terms of
average number of used slots

Conclusions. Computer simulations of the DECT wirelessPBX application
have shown that in the cae of voice service only, with ore DECT system in
the reference building, the caadty is around 9000Er|ang/km2/floor. This
valueis not impaired if threediff erent systems (one per floor) coexist in the
same building, provided that they are synchronised; if thisis not the cae, a
cgpadty lossof under 20% may be expeded. If DECT terminals are present
that require multi-bearer connedions (e.g. ISDN and fax terminals), traffic
densiti es of the same order may still be adieved at the same GOS, bu at the
expense of roughly douling the number of base stations per reference aea
unit.

5.10.2 RLL Application

This sdion focuses on the posshility of repladng the last part of copper
wires conreding a subscriber to the fixed network by a radio path; this
applicaion is usually referred to as the Radio Locd Loop (RLL). The
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interest in RLL applications is growing with the opening of new markets in
Eastern Europe andin other developing courtries.

Many existing and poprietary standards have been analysed [86], bu, as
yet, nore has emerged as the dea favourite for this type of application (all
systems considered show pros and cons depending on fadors such as the
environment that is assumed).

Two paosshle scenarios are shown in Fig. 5.32 in a), a base station that
allows locd mobhility to the user, bath inside and ouside buildings, with the
suppat of repeaer units, and in b) the cae of the provision d the basic
telephory to a few isolated houses is considered (in this case it is aso
possble to extend the range of the base station by means of arepeaer).

SN L -
¥

a) b)
Fig. 5.32 Sometypicd scenarios for the RLL applicaion

DECT is one of the standards being considered; in fad, a profile for this
kind o applicaionis being standardised [87] in the sub-technicd committee
ETSI RES3.

I mpact of the Wireless Relay Station on the System Capacity. A scenario in
which the service dlows locd mohility to the user, bah inside and ouside
buildings, implies fadng the propagation problems due to additional wall
attenuation. To offer a suitable indoa coverage, the relay function seams to
be a viable solution. For this purpose, an additional unit, here cdled
WirelessRelay Station (WRS), is needed.

Two dfferent architedures have been proposed duing ETSI medings and
an Interim ETS [8]] including bath proposals has been written. The main
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diff erence between the two solutions, cdled respedively CRFP and REP, is
the occurrence of the retransmisson o the sot at the WRS.

The CRFP may recave and transmit, duing any slot of a frame adupex
beaer to either the PPand the RFP, suppated by a combination d a CRFP
Rx and Tx slot separated by one half frame (a typicd frame multiplexing
structureis siown in Fig. 5.33.

The REP unit recaves a dlot in ore frame and retransmits it in the same
frame (Fig. 5.34); in addition the REP, in order to maintain the symmetry of
the beaers, sets up a new kind d beaer towards the RFP. the Doulde
dudex beaer.

As an example, in the next sedion the performance of the REP unit will be
evaluated by means of some @mputer simulations in which the system
grade of service (GOS) is cdculated as described above.

A Rx Tx A Rx
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Fig. 5.33 Typicd frame achitedure of the CRFP unit

REP unit. The REP unit can use asimplified RFP hardware and an adapted
software with some modificaions in the MAC (Medium Access Control)
layer. It has two antennas: one, usually diredional, pants to the strongest
RFP that suppats the REP-RFP outdoar link, and an amnidiredional one
for the REP-PP (Portable Part) indoa link.

The basic working idea is to make the REP switch continuowsly from
transmit to recave mode on a dlot by slot basis (after the initial
synchronisation to the strongest RFP). It dupicaes and re-transmits the
recaved bust on the other slots, within the same half frame. This previous
solution propased in [82] has been modified, becaise the speed servicewas
not suppated using adupex beaer as pedfied.
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Fig. 5.34: Typicd frame achitedure of the REP unit

In order to consider as dudex the two channels involved in the same
conredion between RFP and REP, a new beaer is introduced, containing
identity messages (Nt). This allows a good exploitation & DECT Dynamic
Channdl Seledion Algorithm, as the position d the two mentioned channels
does not have to be static. As down in Fig. 5.34 after an initial set-up on
the PRREP link, the repeaer choases two ather physicd channels to close
the conredion with the RFP. This new type of beaer is cdled "double
duplex bearer", and is composed of a pair of dugex beaers referring to the
same onredion at MAC level; the dudex beaers dare their simplex
beaersfor the information flow [83].

The REP unit can reduce the required channel alocaion by sharing the
beaers between conredions. As shown in Fig. 5.35 two Portable Parts use
the same link from REP to RFP (Shared link) in order to maintain symmetry
at the RFPfor bath conredions. This processis cdled "interlacing".

REP performance. The REP performanceis evaluated by simulation, taking
into acourt the interladng procedure during the set-up d the "doulde
dudex beaers' (the two dupex dots for the REP-RFP link). Two very
simple caes are taken into acourt, in order to estimate the caadty of the
system using a REP repedaer; in the first case, 1 RFP and 1 howge with a
REP are onsidered (Fig. 5.36), whilst the second comprises 1 RFP and 2
houses with ore REP ead (Fig. 5.3@).
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Fig. 5.35. Example of the interladng procedure

Some tests made for RLL applicaions [85] have shown that communicaion
quality rapidly deaeases for distance values of more than 70 m withou a
WRS. In the two scenarios a distance between REP and RFP of 90 m has
been chosen in order to analyse dmost only conredions between PP and
RFPthrough REP.

RFP ‘ REP ‘

~ 90m - 90m ' .90m

F 'REP REP REP |

a) b)

Fig. 5.36: The two simulation scenarios considered

A variable number of users with a traffic of 70 mErlang ead are paositioned
inside the houses. The propagation law taken into ac@urt in the simulation
is:

Attenuation = 53 + 20log(distance) + shadowing + wall attenuation (15 dB)

For both cases the cgadty of the system is evaluated with and withou the
interladng procedure described above.
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Fig. 5.37: GOS versus the Erlang/RFP in case of 1 RFPand 1
REP
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Fig. 5.38: GOS versus the Erlang/RFPin case of 1 RFP and two
REPs

Both Fig. 5.37 and Fig. 5.38 show an improvement when using the
interladng procedure, sincethis deaeases the occupation d the timeslots at
the base station, allowing other dired conredions or cdls through the
repeder.

In fad, as fwown in Fig. 5.35 withou the interladng procedure the
maximum number of conredions to an RFP through the REP is 4, because
eadt conredion reeds two links to the RFP. that means a traffic per RFP
equal to 0.7Erlang (i.e., 10 sers) with a GOS of 0.5% and equal to 0.84
Erlang (12 wsers) with 1%. The aurve is very close to the traffic & an RFP
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with only 4 available dannels obtained with the Erlang-B formula
However, with the interladng procedure and a GOS of 0.5%, the traffic per
RFP beoomes 0.84 Erlang (12 wsers), whilst at 1% abou 1.1 Erlang (15
users) can be suppated.

Interladng aso improves cgpadty in the seoond scenario, bu less ® thanin
the first. Users are now distributed between two hotses, and therefore the
number of conredions through eah REP deaeases and so dces the
posshility of interladng two dff erent conredions.
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Fig. 5.39: Distribution d occupied slots at the RFP

As an example, Fig. 5.39 shows the distribution o occupied sots at the
RFP, with reference to the first scenario. It can be seen that withou
interladng only the even dots are used, while with interladng the
distribution is better spread over the slots, ensuring a better exploitation d
the resources.

Conclusion. A WirelessRelay Station can be profitably introduced in a RLL
applicaion based onthe DECT system, in order to guarantee abetter quality
and coverage of the aea ad a bigger range of the system. It does introduce
a cgadty limitation, since it has been verified that, using a REP, the mean
traffic per RFPislessthan 1E for a GOS of 0.5%.

This capadty limit seems to be accetable in a RLL applicaion where the
user density and the mean traffic per user are both expeded to be much
lower then in a business environment. This means that in the cae of alow
density areg a WRS can be amore dtradive and econamic solution than an
RFP.
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