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ost cellular systems currently use
macrocells, which are formed
in cities by siting the base station
(BS) antennas on the top of
tall buildings. Radio planners
e B often refer to the buildings in
cities as “urban clutter,” a nuisance that they must
accommodate. A more appropriate attitude for per-
sonal communication systems (PCS) is to utilize the
electromagnetic shielding offered by buildings to
form microcells, i.e., small cells whose shapes
are determined by the cross-sectional area of the
buildings and the topology of the roads [1-4].In
this article we will ignore building heights, as we
will site the microcellular BS antenna below the
urban skyline. Microcells, being small cells, are used
to dramatically increase the capacity of a PCS
network. Interconnections of microcellular BSs may
be accomplished by means of an optical local
area network (LAN).

We will not focus here on microcellular BS design,
interconnection issues, or handover speeds. Our aim
is to study the teletraffic issues of the Global System
of Mobile Communications at 900 MHz (GSM900)
[5-7}, and its sister, the Digital Communication
System at 1800 MHz (DCS1800) [8, 9]. Our tele-
traffic simulations will have the essential elements of
GSM900 and DCS1800, but they will not be exact
simulations of these two systems. Our approach is
to site microcellular BSs, using our microcellular
prediction tool MIDAS,! into a fictitious city and
into parts of two real cities [3]. The radio coverage
plots will then be imported into a teletraffic simu-
lator called TELSIM.! The simulator will be loaded
with the basic GSM900 and DCS1800 parame-
ters to give an indication of the teletraffic perfor-
mance of these systems in our three environments.

Street Microcellular
Environments

hree street microcellular environments will

be considered. The first is a rectilinear pat-
tern of streets, which does occur in parts of some
cities; the next is an example of a part of a large
U.S. city; the third is the center of a provincial
European city.

Rectilinear Street Microcells
‘When analyzing the performance of macrocells, itis
customary to use tessellated hexagonal macro-
cells. These cells cannot be physically realizable,
but they have the virtue that different types of
mobile radio networks can be compared for the
same cellular structure. The equivalent cellular
structure for street microcells is a grid of North-
South and East-West roads of identical dimen-
sions and spacing. Between the roads are buildings
with the dimension of a city block [4]. In our rec-
tilinear street model we arbitrarily assign the dis-
tances between the centers of adjacent roads as
100 meters. The width of the roads is 20 meters.
The buildings are 72 meters square, but when the
sidewalks around the buildings are included, the
dimensions increase to 80 meters square. We will
not concern ourselves with the heights of the
buildings on the proviso that the antenna heights
of the microcellular BSs are well below the urban
skyline, a condition that is easy to satisfy in city
centers. Diffraction of electromagnetic waves over
the roofs of the buildings is therefore negligible.

We commence by considering a GSM-like
network. The microcellular BSs are located at
some road junctions. For propagation frequen-
cies close to 900 MHz, a microcellular BS located
ataroad junction forms amicrocell thatis essentially
a cross. If the path loss at the microcellular
boundaries is to be, for example, less than 80 dB,
the arms of the cross will extend beyond two
roads, with the dimensions from the BS to the bound-
aries being approximately 240 m. The coverage
will marginally extend into some of the other
roads. Notice that if the road spacing had been
closer (or the propagation frequency lower) the
microcell would have extended over more blocks,
whereas if the road spacing was larger (or the
propagation frequency higher) each microcell would
have covered only part of a city block. In select-
ing the dimensions of our rectilinear street model,
we observed existing street plansand concluded that
the dimensions presented above do occur, but their
exactvaluesareless important than our main objec-
tives, which relate to comparative teletraffic per-
formances in a given road topology.

TDMA systems use tessellated clusters of
microcells. We arrange for each cluster to utilize the
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entire frequency band assigned to the microcellu-
lar network. Figure 1 shows the coverage of a
four-microcell cluster, where the position of each
BS is shown by a cross. The coverage of this clus-
ter is indicated by the red-blue interface. The
propagation frequencies are in the 900 MHz
band. Tessellated clusters are shown in Fig. 2.
The numbers identifying the base stations have
no significance other than the order in which
their coverage was predicted. The BSs numbered
16,1, 5,9, and 19 all have the same channels, and
therefore they interfere with each other to some
extent. This interference is called cochannel
interference. Similarly, frequency sets are shared by
BSs numbered 12, 14, 17, 2, and 6; BSs 7, 20, 10,
13,15, and 3; and by BSs 4, 8, 18, 21 and 11. At
this point we are not concerned with how many
carriers there are per frequency set. The dark
gray diagonal lines show how the microcells are clus-
tered. For example, BSs 5, 17, 13, and 21 form
one microcellular cluster. The microcells have been
sited such that the signal-to-interference ratio (SIR)
over most of the microcell exceeds 20 dB, but
that on two East-West roads the SIR is between
10 and 15 dB. By using more microcells per clus-
ter, the SIR could be arranged to always exceed
20 dB. However, GSM900 is alleged to operate
for SIR ratios down to 9 dB, although an SIR of
12dBisasafer design figure to use. We observe that
the smaller the cluster size, the greater is the
spectral efficiency measured in Erlangs/MHz/km2
DCS1800 operating with the same rectilinear
street dimensions produces much smaller micro-
cells. For a BS located at a cross-road the cover-
age out to 80 dB only goes as far as the center of
the next four crossroads, i.e., the microcell is a
cross whose four perpendicular arms are essen-
tially a city block in length. Thus, for DCS1800
the BSs are separated on East-West or North-South
streets by two blocks. Figure 3 shows tessellated clus-
ters where each cluster has four microcells.
Again, the microcell boundaries have beensetwhere
the path loss is less than 80 dB. We observe that
for the same coverage criterion, DCS1800 requires
twice the number of BSs compared to GSM900. The
SIR values in the microcell exceed 20 dB for 90
percent of the area, and the lowest SIR is 10 dB.

Dallas, USA

Using maps made from aerial photographs,? where
the exact cross-sectional areas of the buildings
and some side streets have been omitted, we made
coverage predictions at 1800 MHz for DCS1800.
Zooming in to an arbitrary area of Dallas, in Fig. 4
we show microcellular BSs numbered 1 and 10
having the same frequency set, as do BSs num-
bered 2 and 12; 3 and 19; 4, 15, and 17; 5and 9; 6,
11, and 18; 7, 13, and 14; and 8 and 16. There-
fore, the reuse factor or cluster size was 8.

Southampton, UK

Whereas Dallas is a modern city with large free-
ways and skyscrapers located on a flat Texan
plain, Southampton is a seaport town whose ori-
gins date back to the Roman conquest in A.D. 43,
when the Second Legion under Vespasian set up
a supply base there. The streets of Southampton
are far from regular, there are no skyscrapers, and
part of the surviving medieval walls reside within
our microcellular plan. Precise maps with a scale
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W Figure 2. Tessellated clusters of microcells with four microcells per cluster at

900 MHz.

of 1 to 1250 are supplied by the Ordnance Survey
in the United Kingdom, giving details of the
cross-section of the city down to one meter. Figure 5
shows a microcellular network having 17 GSM900
microcells arranged with six microcells per cluster.
With this type of city, four microcells per cluster
cannot be achieved with our microcellular coverage
for path loss up to 80 dB and for the SIR ratios
exceeding 9 dB, as required for GSM900. In Fig. 5
the microcellular BSs numbered 1, 16, and 17 have
the same frequency set, as do BSs numbered 2, 5,
and 15; 3,4, and 13; 6 and 12; 7, 8, and 10; and 11,
14, and 18, corresponding to a reuse factor of 6.
Figure 6 shows the positions of microcellular
base stations for a DCS1800 PCS that spans an area
approximately the same as the PCS for GSM900
shown in Fig. 5. Whereas GSM900 requires 17
microcells, DCS1800 has 24 microcells. This is in
contrast to the PCS based on rectilinear roads,
where DCS1800 requires twice the number of BSs.

2 By CNet of Dallas.
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It is the complex street topology of Southamp-
ton that results in the number of BSs required in
DCS1800 and GSM900 being relatively similar if
contiguous radio coverage is to be assured. Eight
frequency sets are required with microcellular
BSs: 1,7, 16, and 9; 2 and 15; 3, 4, 10, and 17; 12,
13, and 24; 5 and 14; 6 and 11; 8, 18, 21, and 23;
and 9, 20, and 22 in sets 1 to 8.

Teletraffic Simulator

T he telétraffic simulator imports the coverage
predictions and determines the probability of
new calls being blocked and the probability of
existing calls being forced to terminate for a vari-
ety of scenarios. When the simulation is running,
mobiles engaged in calls and depicted by a small
cross are seen traveling along the streets with a

B Figure 3. Tesellated clusters of microcells with four microcells per cluster at
1800 MHz.

Jeletraffic  Map Operations_ Bmmm Density ‘ Help

W Figure 4. Microcells in arbitrary positions in a part of Dallas — frequency
1800 MHz.

line connecting them to the BS with which they
are communicating. Handovers are seen on a
computer screen as the line switches from an old
BS to a new BS. Figure 7 shows a snapshot of the
screen displaying mobiles traveling in the streets
of Southampton.

The simulator allows us to partition the map of
the city into squares and to assign different densi-
ty of users to each square prior to commencing
the simulation. The users move with uniformly
distributed direction and Rayleigh distributed
speed, with the constraint that they are confined
to the roads. Each user is independent, offering
the same average teletraffic. The call durations
have a negative exponential distribution, and
when voice activity is used to provide discon-
tinuous transmissions (DTX), the Brady voice
model is applied [10]. With DTX no transmis-
sions are made in periods of speech silences.
(GSM900/DCS1800 does maintain information
flow during silences, but at a low bit rate.)

The simulation supports many features not
required for Phase I GSM900/DCS1800. (It does
support FDMA, CDMA, dynamic channelallocation
(DCA), multiple slot calls, adaptive multilevel
modulation, and so forth, enabling many systems
from analog cellular to 1S-95 and DECT to be
approximated and compared.) We will use fixed
channel allocation (FCA), and power control will
be applied to both the up- (forward) and down-
(reverse) links. Intracellular and intercellular hand-
offs (HOs) will be allowed. The SIR and signal-to-
noise ratio (SNR) thresholds can be set for HOs
and timers introduced, so that HOs are imple-
mented after a set time following the thresholds
being exceeded. We can arrange to reserve a set
of channels exclusively for HOs. An overlaying
macrocell may be deployed. This is fictitious, as it
is assumed that the macrocellular coverage is total.
The macrocellular BS can be used to provide cov-
erage in radio dead-spots in the microcellular
clusters, and/or to act as a support for mobiles
that cannot find a channel following an HO request.

Upon call initiation the mobile requests a
channel from the closest microcell. If no suitable
channel is found, the call is blocked, unless there
is a macrocell present. When a macrocell is pre-
sent, it provides support to overloaded microcells
upon call initiation. Only if the macrocell is con-
gested will the call be blocked. Note that new
calls blocked by the most appropriate microcell
are not offered to alternative microcells, but to
the macrocell.

Teletraffic Parameters

Wc arranged for the offered traffic per user
to be 12.5 millierlangs (mEr) and the mean
call duration to be 120 s. Initially, the number of
users were uniformly distributed, and any users
who were making a call when they reached the
boundary of the map were bounced back inside the
map and were able to continue with their calls.
We assigned one carrier per microcellular BS and,
because this carrier was required to carry the broad-
cast control channel (BCCH), neither power con-
trol, frequency hopping, nor DTX were allowed.
This carrier supported a TDMA frame with eight
slots,with one slot used for control (including the
BCCH) and the others for traffic. Only the seven
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traffic channels were modeled in the simulation. The
BS and mobile station (MS) antennas were omni-
directional.

The peak transmit powers of the BSs and MSs
were both set to 10 mW or 10 dBm. The noise
floor of the MS was —100 dBm. To initiate a call,
both the SNR and the SIR had to exceed 12 dB
at both the MS and the BS. When either the
SNR or the SIR was less than 9 dB, the dropping
counter was incremented and continued to be so,
unless these conditions improved when the
counter was reset. If the counter was not reset
and reached 5 s, the call was dropped.

The MS checked every simulation iteration
cycle, set here to 1 s, to confirm that it was being
served by the BS associated with the lowest path
loss. If the situation changed, and another BS
offered a path loss at least 3 dB lower, it request-
ed a handoff (HO) and set a timer in motion. At
the end of the HO timer period an intercellular
HO ensued. In our simulation the timer period
was set to zero. If there was not a BS with a path
loss at least 3 dB better than that offered by the
current BS, it remained with this BS. When the
SIR was below 12 dB, the HO timer was incre-
mented and the MS changed its slot.

Teletraffic Performance

Rectilinear Street Microcellular PCS

There are gaps in the required 80 dB coverage at
the edges of the rectilinear pattern of microcells
shown in Fig. 2. As a consequence, we gathered
teletraffic statistics for the square, shown in dashed
lines, with five roads centered around microcellu-
lar BS (numbered 5 and situated in the middle of
the figure). The variation of the blocking proba-
bility of new calls (Pp) and the dropping probabil-
ity of existing calls (P4) was investigated for
mobiles traveling at 1, 5, and 10 m/s. The propa-
gation frequency was 900 MHz, i.e., the results
apply for GSM900. The blocking and dropping
probabilities behaved similarly for the two higher
speeds, 5 and 10 m/s, but were somewhat different
in the low-speed case, 1 m/s. In the high-speed
case the blocking probability, Py, varied from
below 0.1 percent for a total offered traffic (4)
of 12.5 Er (1000 users with 12.5 mEr/user) to
9.5 percent for A = 37.5 Er. The dropping proba-
bility, P, varied less, from 0.4 percent to 1.5 per-
cent, as A increased from 12.5 Er to 37.5 Er. In the
low-speed case, i.e., average speed 1 = 1 m/s, we
found that blocking was slightly lower — below
0.1 percent for 12.5 Er and rising to 8 percent for
A = 37.5 Er. The corresponding variation of P4
was 2.1 to 3.7 percent. This increased rate of call
dropping permitted more new calls to be accom-
modated, thus accounting for the difference in
blocking between the low- and high-speed cases.
Asmicrocell 5 carried the largest traffic because its
coverage extended over most of the square, its per-
formance was the most influential on the results
given above. We observed that the Py of this cen-
tral microcellular BS was essentially the same for
all values of V, and for an 4 of 25 and 37.5 Er it
was approximately 7 and 21 percent, respectively.

For DCS1800, the square of the same dimensions
of five-by-five roads had significantly more BSs.
In particular, there were five BSs whose coverage
area did not butt against the square boundary.
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M Figure 5. Locations of base stations in 17 GSM900 microcells in Southamp-
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B Figure 6. Locations of base stations 24 DCS1800 microcells in Southampton.
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The teletraffic carried was more evenly distributed
among the BSs, there were more channels available,
and as a consequence P, and P, were consider-
ably decreased compared to those for GSM900.
For example, for a 37.5 Er load, P, and P; were
acceptable, as they never exceeded 1.7 percent
and 0.9 percent, respectively, for values of V from
1 to 10 m/s.

Southampton Microcellular PCS

The microcells for the GSM900 PCS network are
shown in Fig. 5. We arranged for the MSs to roam
anywhere over the 1 km-by-1 km area, and those that
arrived at the edge of this area were turned back
with a reflected velocity vector. With no overlay-
ing macrocell, MSs that ventured beyond the
microcellular PCS while making a call had their
calls terminated. For MSs having an average speed
of V= 1m/s and 10 m/s, P, was approximately
constant at 12 percent and 17 percent, respective-
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ly, irrespective of the number of users. The P,
increased exponentially from 0.03 percent for an
A of 12.5 Er to 1.8 percent for 37.5 Er of traffic
when the MS average speed was 1 m/s. For a J of
10 m/s, P, remained negligible, reaching 0.1 per-
cent when A4 reached 37.5 Er.

An overlaying macrocell was introduced. None
of its channels were exclusively assigned for HO
purposes. An MS was required to initially attempt
HOs with the microcellular BSs, but if this could
not be achieved due to unacceptable SIR and/or
SNR values, or because of a lack of available micro-
cellular channels, then the MS was allowed to attempt
an HO to the macrocellular BS. MSs were forced
to attempt registration on a microcellular BS, but

when this could not be done, it was allowed to
register onto the macrocellular BS. Because a sig-
nificant part of the map shown in Fig. 5 does not
include the PCS network, the effect of the pres-
ence of the macrocell with its 22 channels was to
dramatically decrease Py, to zero for 4 less than
30 Er, increasing to 0.08 percent when A increased
to 37.5 Er (equivalent to 3000 users) and 1.2 per-
cent when A is further increased to 50 Er. Figure
8 shows a bar chart of channel utilization for each
of the BSs, and for the overlaying macrocellular
BS. Microcell sites numbered 12, 15, and 18 are
on the periphery of the PCS network and there-
fore carried extra traffic because of mobiles leav-
ing this network that could not be handled by
other microcellular BSs.

Relatively small microcells that were not near
the edges of the PCS network, such as microcells 6
and 7, had a low channel utilization. The main
role of this type of BS was to provide coverage rather
than capacity. For uniform channel utilization the
design procedure would be to allocate more chan-
nels to BSs on the periphery of the microcellular
PCS network, or to extend the PCS to areas of
lower traffic density.

The bar chart of channel utilization for the
DCS1800 network shown in Fig. 6 is displayed in
Fig. 9. The peripheral microcells 3, 5, 18, and 19
were heavily utilized, while the utilization of the
inner microcells was relatively low. We do not
display the bar chart for channel utilization in the
absence of the macrocell, but the effect of deploy-
ing the macrocell was to increase the channel uti-
lization.

Dallas DCS1800 Microcellular PCS

Without a macrocell, P, was less than 0.4 percent
above our range of A from 12.5 to 37.5 Er. The Py
for a IV of 10 m/s was approximately constant at
20 percent. When the macrocell was added with
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W Figure 8. Channel utilization for each BS and the overlying macrocellular BS for GSM900 PCS in Southampton, V = 1 m/s.
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No. of users

its 22 channels, no new calls were blocked for a V of
10 m/s, while P; decreased to less than 0.4 percent
over the offered traffic range. The traffic utiliza-
tion for Dallas is shown in Fig. 10.

Conclusions

e have examined three types of radically
different street microcellular environments.
The rectilinear one is often used as a bench marker
and also because it does exist in some cities. Old cities,
as exemplified by Southampton, have street and

building topologies that are very different from the
rectilinear environment. The spectral efficicncy
in terms of Er/MHz/km? for a new call blocking
probability of 2 percent is significantly higher in
rectilinear topologies compared to irregular ones.
In addition, DCS1800 PCS operating in rectilincar
streets requires twice the number of microcellular
BSs compared to GSM900 for contiguous cover-
age. However, in Southampton the ratio was
found to be much less, approximately 24/17. Also,
the reuse factor in Southampton was not 4 but 6
for GSM900. For DCS1800, the reuse factor was

W Figure 9. Channel utilization for each BS and the overlaying macrocellular BS for DCSI800 PCS in Southampton, V = I m/s.
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M Figure 10. Channerliutilidet’ikcw)h fbr each BS and the overlaying macrocellular BS for DCS1800 PCS in Dallas, V = 10 m/s.
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digital maps.

q oce oce O D e
P e 0 0O Q
J Rectilinear GSM900 1 123
not
5 0.25 7.2 0.8 8.27 17 .
simulated
10 117
DCS1800 1 219
not
5 0.25 7.2 0.8 8.27 194 .
simulated
o | 10 200
Southampton | GSM900 1 0.81 7.2 1.2 2.55 38.6 7.9
N DCS1800 1 0.65 7.2 1.6 3.15 29.2 15.3
Dallas DCS1800 10 0.84 7.2 1.6 2.44 37.2 15.2

W Table 1. Spectral efficiency of the microcellular systems.

8.Of course, these numbers apply for a limited num-
ber of microcellular clusters in a city center.

Dallas is a city that at first sight might appear to
berectilinear, but closer inspection reveals roads that
are offset and of differing widths and lengths, as shown
in Fig. 5. As DCS1800 is of interest in the United
States, we have not investigated GSM900 in this
city. The reuse factor was found to be 8, consis-
tent with the PCS network in Southampton.

We assigned only one carrier with its eight
TDMA slots to each microcellular BS, as we con-
sider this to be a likely scenario. We also intro-
duced an overlaying macrocell with three carriers
corresponding to 24 channels, of which 22 were
used for traffic and the other two for control [5].
The macrocell is particularly useful for mobiles
who wander outside the microcellular clusters
and for mobiles in the PCS network who find
themselves in difficulties. As people often walk in
Southampton and drive in Dallas, our traffic uti-
lization graphs are shown for average mobile
speeds of 1 m/s and 10 m/s, respectively. Note
that the mobile speeds are Rayleigh distributed.
The general conclusion is that for our scenarios
some BSs near the PCS periphery have the high-
est utilization as they have to provide channels to
mobiles coming and leaving the PCS.

Table 1 shows the spectral efficiency in
Er/MHz/km? of our scenarios. We assumed that
one macrocellular sector covered the entire simu-
lation area. It had three transceivers and was
partof a three-sector, four-cell reuse pattern. There-
fore, 36 GSM carriers or 7.2 MHz was required
for macrocellular coverage. Note that microcells
without macrocell support have the greatest spec-
tral efficiency, although if contiguous coverage is
required, an overlaying macrocell is essential.
The microcellular layer dramatically increased
the spectral efficiency of the macrocellular PCS.
DCS1800 systems had a greater spectral effi-
ciency than GSM900 because of the smaller cells
resulting from a maximum path loss of 80 dB;
hence, the larger number of microcells required
in the rectilinear configuration. However, this
increase was partly offset by the larger number of
frequency sets required at 1800 MHz as com-
pared with 900 MHz in Dallas (not shown) and
Southampton. When the macrocell was included,
we found that the DCS1800 systems in Southamp-

ton and Dallas had similar spectral efficiencies of
15.3 and 15.2 Er/MHz/km?2, whereas the GSM900
in Southampton had an efficiency of only 7.9
Er/MHz/kmZ2.

The design of a PCS requires propagation pre-
diction tools that in turn require accurate digital
maps. Armed with PCS clusters providing con-
tiguous coverage, a simulator is necessary, since
many alternative scenarios can be quickly investi-
gated. We present some of these scenarios to
illustrate the methodology involved, not opti-
mized solutions.

References

(I} L. J. Greenstein et al., “Microcells in personal communication sys-
tems,” IEEE Commun. Mag., Dec. 1992, pp. 74-88.

[2] R. Steele, “Mobile radio communications,” (Pentech Press and IEEE,
1992)

[3]W.T. Webb, “Sizing up the microcell for mobile radio communications,”
IEE Electronics & Commun., vol. 5, no. 3, June 1994, pp. 133-140.

[4] R. Steele and M. Nofal, “Teletraffic performance of microcellular personal
communication networks” /EE Proc-1, Aug. 1992, pp. 448-461.

5] M. Mouly and M.-B. Pautet, “GSM” published privately, 1992.

[6] GSM recommendations, GSM 05.05.

[7] L. Hanzo and R. Steele, “The pan-European mobile radio system, Parts
I and I, European Trans. on Telecommun., Mar-Apr. 1994, pp. 117-
148.

[8] A. R. Potter, “Implementation of PCNs using DCS1800,” 1EEE Commun.
Mag., Dec. 1992, pp. 32-36.

[9] P. A. Ramsdale, "Personal Communications in the UK - implemen-
tation of PCN using DCS1800,” Int. J of Wireless Inf. Networks,
vol. |, no. 1, 1994, pp. 29-36.

[10] P. T. Brady, “A statistical analysis of on-off patterns in 16 conver-
sations,” Bell System Tech J. vol. 48, no. 7, Sept. 1969, pp. 2446-2472.

Biographies

RAYMOND STEELE [SM "80] is managing director of Multiple Access Com-
munications (MAC) Ltd., and professor of communications at the Uni-
versity of Southampton, United Kingdom. He has Ph.D. and D.Sc.
degrees from Loughborough University. Heis a Fellow of the Royal Acade-
my of Engineering and the IEE, and a senior technical editor of /EEE
Communications Magazine.

JOHN WILLIAMS is an engineer with MAC Ltd. In 1985 he joined Rolls-
Royce Plc. as an undergraduate apprentice and received a B.Eng. in
electronic engineering at Southampton University in 1989. He completed
his training at Rolls-Royce, Bristol, and was appointed a technology engi-
neer in the Control Systems and Accessories Department. He joined MAC
Ltd. in 1990.

DEREK CHANDLER is an engineer with MAC Ltd. He received a Master of
Engineering degree from Southampton Universityin 1994, and joined MAC
Ltd. shortly thereafter, working on the software planning tools.

SHIRIN DEHGHAN is an engineer with Multiple Access Communications
Ltd. She received a Master of Engineering in 1993 from Southampton
University, where she was part of a group designing a Multiple Adap-
tive Equalizer.

AIDAN COLLARD received a B.Sc. in computer cystems engineering from
the University of Warwick in 1984. He is the software products manager
of Multiple Access Communications Ltd.

108

IEEE Communications Magazine * March 1995



