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01. INTRODUCTION
Since the development of suburban shopping centers in the United States in the 1950s, shopping malls have become
the most popular type of retail venue worldwide. The first malls were open-air retail centers, but very quickly a need
to shelter shops and customers from the elements was recognized and the concept of the enclosed shopping center
was born. An example of a contemporary shopping mall is shown in Figure 1.

Figure 1: Typical Contemporary Shopping Mall

Some shopping malls have large exterior windows that provide plenty of natural light. In malls with opaque external
walls, a glass-covered opening in the roof (“sunroof”) provides natural light. Although some shopping malls have an
attached multi-level parking structure, most have only an open-air surface parking lot next to the mall that provides
no protection from the elements. Inside an enclosed mall, small retail stores are arranged around the perimeter,
leaving the middle area open for pedestrian traffic. An example of this “open floor plan” interior mall architecture is
shown in Figure 2.

Figure 2: Shopping Mall Interior
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Contemporary shopping malls offer more than just shopping opportunities. Many include individual restaurants and
bars, a food court, movie theater, gym, skating rink, etc. Malls nowadays serve as anchors of social life in suburban
areas and visitors consider wireless connectivity an important aspect of their shopping mall experience. Mall
management recognizes this and therefore considers an in-building network that provides superior mall wireless
coverage and quality to be of value.

02. PROBLEM
In this case study, our shopping mall is a two-story enclosed structure with concrete outer walls and glass sunroof.
The mall is 200 meters long and up to 60 meters wide. It has three large anchor retail stores which also have
separate entrances from the open air parking lot, and many small retail shops that can be accessed only from inside
the mall. The upper level has an open view of the lower-level pedestrian traffic, similar to that shown in Figure 2. A
three-dimensional representation of the mall is shown in Figure 3.

Figure 3: Three-Dimensional Representation of the Shopping Mall

While the parking lot has good signal reception from nearby macro cells, mall management has received many
complaints about signal coverage and quality within the mall. Mall management wants to install an indoor wireless
network that will improve customer experience inside the mall. The network must carry three major wireless service
providers (WSPs) and First Responders (E911) signals. Wi-Fi installation is not required because a Wi-Fi network
has already been installed. The management does not want antennas installed inside any shops. The antennas must
be as small and inconspicuous as possible so as not to interfere with the aesthetic of the mall interior. Floor plans
for both levels are shown in Figure 4.
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Figure 4: Lower-Level and Upper-Level Mall Floor Plans

03. DESIGN REQUIREMENTS
Specific design requirements for the venue are as follows:
3.1 RF Coverage
\\RF Coverage must be provided for the following technologies:
i. UMTS
ii. LTE
iii. Trunked Radio
\\Following frequency bands must be included in the network:
i. SMR band (800 MHz)
ii. Cellular band (850 MHz)
iii. PCS band (1900 MHz)
iv. AWS band (2100 MHz)
\\The coverage must include common areas and retail shops accessible to mall visitors on both levels.
\\The outdoor parking lot already has sufficient coverage and therefore need not be covered by the in-building
network.
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\\Target signal strength is:
i. UMTS CPICH = -85 dBm
ii. LTE RSRP = -95 dBm
iii. Trunked radio Rx = -95 dBm
\\A s the mall has a glass sunroof, residual macro signal may be present in the middle of the mall. To ensure inbuilding signal dominance in the presence of a macro signal, the in-building signal must be 5 to 7 dB stronger
than the residual macro signal.
\\Handoffs between in-building and macro networks must be limited to mall entrance areas.
\\For trunked radio, coverage must be 100% throughout the mall including back hallways and stores; for cellular
technologies, target coverage is 95%.
\\In-building signal must not exceed -100 dBm at a distance of 30 meters outside the mall.

3.2 Antenna placement restrictions
\\Antennas may not be placed inside any stores, including anchor stores.
\\WSPs and First Responders must share antennas.
\\Mall management requires that any in-building antennas mounted in common areas must be as small and as
inconspicuous as possible so as not to disturb the mall interior aesthetic. This requirement does not apply to
back hallways, access docks, freight elevators, etc.

04. SOLUTION
As the system must include multiple technologies and bands, the in-building network should use a neutral-host
Distributed Antenna System (DAS). Due to the proximity of antennas to customers, and to comply with ICNIRP
guidelines for limiting exposure to time-varying EM fields [1], low-power DAS remote units should be used. In this
context, low transmit power means up to 24 dBm composite transmit power per amplifier.

05. BEST PRACTICES
5.1 ANTENNA CHOICE AND PLACEMENT
There are two key requirements that influence choice of antennas. The first is that antennas may be mounted flush
against the wall, but must have a small form factor. A good choice for such antenna is omnidirectional Andrew CellMax™ O-25, with 0.85 dBd of gain, a V-plane beamwidth of 40 degrees, and an H-plane beamwidth of 360 degrees.
An example of an Andrew Cell-Max™ omnidirectional antenna installation is shown in Figure 5.
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Figure 5: Omnidirectional Andrew Cell-Max™ Antenna in Front of a Retail Store

Occasionally, mall management may require that indoor antennas are completely invisible. This requirement can be
satisfied by mounting antennas behind the ceiling, using a behind the ceiling mounting kit. An example of antenna
that can be mounted behind the ceiling is Galtronics PEAR M4773 omnidirectional antenna, shown in Figure 6.

Figure 6: Galtronics PEAR M4773 with above ceiling mounting kit

The second requirement is that while anchor stores are excluded from coverage requirements, there should be an
indoor signal present in the vicinity of the store entrance, to facilitate handover with macro network. To fulfill this
requirement, a directional antenna should be mounted in the common mall area, opposite to the anchor store and
pointing towards the store entrance. A good choice is Andrew Cell-Max™ D-25 directional antenna with 4.85 dBd
gain, a V-plane beamwidth of 60 degrees and an H-plane beamwidth of 70 degrees. An example of the Andrew CellMax™ directional-antenna installation is shown in Figure 7.
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Figure 7: Directional Andrew Cell-Max™ Antenna Pointing Toward an Anchor Store

06. DETAILED RF COVERAGE DESIGN

6.1 RF SIGNAL COVERAGE DESIGN
The DAS antenna plan layout is shown in Figure 8 and Figure 9.

Figure 8: DAS Antenna Locations on the Lower Level
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Figure 9: DAS Antenna Locations on the Upper Level

Directional antenna locations on both levels are chosen to maximize coverage inside anchor shops, while complying
with the stipulation that the antennas must be in common areas. Omnidirectional antennas are used to fill in coverage
holes, and mounted flush against the ceiling in front of smaller stores. The predicted UMTS CPICH coverage is
shown in Figure 10 and Figure 11.

Figure 10: AWS UMTS CPICH Coverage on the Lower Level

Figure 11: AWS UMTS CPICH Coverage on the Upper Level
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As per the cumulative percentage distribution shown in the legend, UMTS CPICH signal is greater than -85 dBm at
94.8% of the lower level and at 96.2% of the upper level. We can conclude that more than 95% of the total area has
UMTS CPICH signal greater than -85 dBm; this satisfies the UMTS design target at AWS frequency.
The LTE RSRP coverage is shown in Figure 12 and Figure 13.

Figure 12: PCS LTE RSRP Coverage on the Lower Level

Figure 13: PCS LTE RSRP Coverage on the Upper Level

LTE RSRP is greater than -95 dBm at 94.9% of the lower level, and at 96.6% of the upper level. We can conclude that
more than 95% of the total area has LTE RSRP signal greater than -85 dBm; this satisfies the design target at PCS
frequency.

6.2 CAPACITY SIZING
In order to properly size the in-building network, it is necessary to determine the number of sectors required to support
each WSP’s capacity requirements. The number of sectors depends on the number of visitors during the busiest time of
the day (“rush hour”), each WSP’s mobile traffic profile, and each WPS’s subscriber penetration rate. The penetration
rate is the proportion of the WSP subscribers among the general population, expressed as a percentage.
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Let us first determine the number of visitors during rush hour. This information may be obtained from a public online
source, such as a Travel and Leisure newsletter, which lists the annual number of visitors for the busiest shopping
malls in the USA [2]. Alternatively, this information may be obtained directly from mall management. For this case
we assume that 5,000 visitors are at the mall during rush hour. We also assume that the three WSPs to be included
in the in building network have the following requirements:
WSP A:
\\Cellular band, 2 UMTS channels
\\700 MHz band, 10 MHz LTE-FDD channel
\\40% penetration rate (2,000 subscribers)
	o HSPA: 20% subscribers (400)
o LTE: 80% subscribers (1,600)
o Voice: 20% UMTS (400), 80% VoLTE (1,600)
WSP B:
\\PCS band, 2 UMTS channels
\\700 MHz, 10 MHz LTE-FDD channel
\\35% penetration rate (1,750 subscribers)
	o HSPA: 30% subscribers (525)
o LTE: 70% subscribers (1,225)
o Voice: 30% UMTS (525), 70% VoLTE (1,225)
WSP C:
\\AWS band, 2 UMTS channels
\\PCS band, 5 MHz LTE-FDD channel
\\20% penetration rate (1,000 subscribers)
	o HSPA 25% subscribers (250)
o LTE 75% subscribers (750)
o Voice: 25% UMTS (250), 75% VoLTE (750)

First we define LTE traffic distribution per user at the venue. Table 1 lists, for each service type, the duration of the
network connection during rush hour expressed in milliErlangs (mE) per subscriber and the fixed data rate in kbps.
It is important to note that a subscriber is not limited to one service type attempt per rush hour; rather he is expected
to use, or attempt to use, all of the service types listed.
Service type
mE/ User
VoLTE
33
Email
50
Browsing
100
Video conf
50
Data Download
150
Video Streaming
100

kbps
50
100
200
600
1000
2000

Table 1: Data Traffic Distribution at the mall during Rush Hour by Service Type: Duration (milliErlangs per user), Data Rate (kbps).
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Unlike a stadium, subscribers in a shopping mall are not bothered by excessive crowd noise. Also unlike a subway,
subscribers do not feel pressured to keep quiet in a crowded space. Video streaming, which is usually restricted at
stadiums, is allowed at shopping malls. These factors contribute to longer average voice and data connection times
at shopping malls than at any other venue, which makes a mall visitor a heavier data user than a visitor to any other
public venue.

6.2.1. DATA CAPACITY SIZING EXAMPLE
HSPA and LTE SINR coverage throughout the mall has to be broken down into SINR intervals based on the modulation
and coding scheme (MCS) that can be achieved in each SINR interval. The example in Table 2 shows that in the region
where LTE PDSCH SINR is 20 dB or more, 64-QAM modulation with coding rate R = 0.93 is possible, which gives a
spectral efficiency of 5.5 bit/s/Hz. With SINR between 15 and 20 dB, spectral efficiency is 3.9 bit/s/Hz; with SINR
between 9 and 15 dB, spectral efficiency is 2.4 bit/s/Hz, etc.
Modulation
QPSK
16 QAM
64 QAM
64 QAM

MCSefficiency
1.18
2.40
3.90
5.55

SINR
3
9
15
20

Table 2: LTE Example Showing the Relationship between Modulation Scheme, MCS Efficiency (bit/s/Hz), and SINR (dB)

The number of sectors at the mall may be estimated based on SINR coverage and call blocking rate for each service
type. In general, for multi-sector IBS at a shopping mall it is reasonable to assume that the SINR > 20 dB range covers
25-35% of the area, while the other 3 SINR ranges are roughly equally distributed. Call blocking is the percentage of
data connections that has excessive delay. Acceptable call blocking is under 10% for low data rate applications such
as voice, email and web browsing, and in the 10-20% range for high data rate applications such as data download and
video. The venue sectorization calculation is shown in Table 2.
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Table 2: Estimated number of sectors at the venue
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Calculations show that 4 sectors are needed to support LTE service for WSP A. Now that we know where IBS antennas
are and how many sectors are needed, we must choose how to connect antennas to form a sector. This is a critical
skill, because doing it wrong will degrade SINR coverage and thus reduce maximum achievable data rate coverage
at the venue, which we will illustrate next.
Let’s consider two sectorization plans: horizontal and wedge. The horizontal sectorization plan groups antennas on
the same level into a sector, as per Figure 14:

Figure 14: Horizontal sectorization option

This plan assumes that good vertical signal isolation exists between the floors. However, most malls have opening
in the middle, so there is a possibility that common walking area in the middle has Line of Sight with many antennas
on both floors, which is contrary to the isolation assumption we just made.
The second sectorization option groups antennas onto a “wedge” sector, combining antennas from different floors
into a sector, as per Figure 15.
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Figure 15: Wedge sectorization plan

This plan assumes that vertical overlap containment is more critical than the horizontal one. This is usually the case
for malls with opening in the middle.
Now let’s examine Maximum Achievable Data Rate (MADR) coverage for both sectorization plans. MADR coverage
map was calculated assuming 2x2 MIMO. Figure 16 shows MADR coverage for sectorization horizontal sectorization.
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Figure 16: 2x2 MIMO MADR coverage for the horizontal sectorization plan

This plan gives average 2x2 MIMO MADR of 14.9 Mb/s on Level 1 and 15.9 Mb/s on Level 2. As the maximum data rate
of 58 Mb/s, is achieved only in the near vicinity of an antenna, we conclude that this is rather poor data rate coverage.
A deeper look into SINR coverage (omitted for the sake of brevity) confirms that extensive interference in the middle
of the mall degrades SINR and consequently MADR. The conclusion is that horizontal sectorization is not a very good
sectorization option for this type of the mall.

Figure 17 shows MADR coverage for the wedge sectorization plan.
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Figure 17: 2x2 MIMO MADR coverage for the wedge sectorization

Cursory visual inspection shows that the maximum data rate, shown in purple, covers much larger area when
sectorization wedge sectorization is deployed. Average MADR confirms this, as average MADR is 31.2 Mb/s on
Level 1 and 31.4 Mb/s on Level 2. This data rate is twice as fast as horizontal sectorization. Therefore, the wedge
sectorization is the preferred sectorization method for this type of shopping mall, with an opening in the middle.
A detailed data capacity sizing example is presented in the stadium case study; therefore, in this case study, only the
critical steps are outlined. Uniform user distribution throughout the mall is assumed, meaning that the percentage
of users within a particular SINR range is the same as the coverage percentage in that same range. In Table 1 we
calculated that 4 sectors are needed for 1600 LTE subscribers for WSP A. SINR coverage based on 4 wedge type
sectors is shown Figure 18:
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Figure 18: LTE SINR Coverage

Based on the mobile traffic profile and the number of subscribers per sector (400), total rush-hour traffic is
calculated, with results as shown in Table 4.
Metrics
SNIR
Distribution
subscribers

Range 1 Range 2 Range 3
3
9
15
19.0% 26.0% 21.0%
76
104
84
DATA TRAFFICIN ERLANGS
Metrics
Range 1 Range 2 Range 3
VoLTE
2.5
3.4
2.8
emails
3.8
5.2
4.2
browsing
7.6
10.4
8.4
video conf
3.8
5.2
4.2
data download
11.4
15.6
12.6
video streaming
7.6
10.4
8.4

Range 4
20
26.0%
104
Range 4
3.4
5.2
10.4
5.2
15.6
10.4

Table 4: Offered LTE Rush-Hour Traffic (erlangs) by Service Type and SINR Range, per sector

Note that the distribution percentage does not add up to 100%. This is because some areas of anchor stores have
SINR coverage out of range. This is acceptable, because coverage at anchor stores is “best effort” and thus it is not
guaranteed.
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For each SINR range, we calculate the required number of Primary Resource Blocks needed to carry the service.
Once we have that information, we proceed to calculate the encountered blocking rate as per [3], per service type
and SINR range. The results are shown in Table 5.
Service Type
VoLTE
Emails
Browsing
Video conf
Data Download
Video Streaming

Range 1 Range 2 Range 3
1.6%
1.6%
1.6%
1.6%
1.6%
1.6%
3.3%
1.6%
1.6%
6.6%
3.3%
3.3%
9.8%
4.9%
3.3%
19.5%
9.8%
6.6%

Range 4
1.6%
1.6%
1.6%
1.6%
3.3%
4.9%

Table 5: Encountered Blocking Rate (%) by Service Type and SINR Range

Based on the information in Table 4 and Table 5, carried traffic per service type and SINR range is calculated, with
results as shown in Table 6.
Service Type
Emails
Browsing
Video conf
Data Download
Video Streaming

Range 1 Range 2 Range 3
3.7
5.1
4.1
7.4
10.2
8.3
3.6
5.0
4.1
10.3
14.8
12.2
6.1
9.4
7.8

Range 4
5.1
10.2
5.1
15.1
9.9

Table 6: Carried LTE Rush-Hour Traffic (erlangs) by Service Type and SINR Range, per sector

The composite call blocking rate for multiple services is defined as:
(1 – { carried traffic / offered traffic } )
As the total carried traffic from Table 6 is 169.5 erlangs, and the total offered traffic from Table 4 is 177.7 erlangs, the
composite blocking rate is 4.6%. Duty cycle is defined as the ratio of carried traffic to theoretical maximum traffic
when all resources are used for the full hour. Duty cycle in this example is 33.9%. Data usage during rush hour
is 58.1 Gigabytes. If these values are deemed acceptable, then we conclude that WSP A LTE traffic can be carried
by four LTE sectors, supporting up to 1600 subscribers. The same calculation is done for HSPA technology, with a
similar conclusion: four HSPA sectors are sufficient to carry HSPA traffic for WSP A. This completes the capacity
calculations for WSP A; it remains to make similar calculations for WSP B and WSP C.

6.3 COVERAGE PLOTS
LTE RSRP, 2X2 MIMO MADR and SINR and 2X2 MIMO coverage plots were already shown in Figure 12, 13, 17 and 18.
The additional critical coverage plot is the best server plot, shown in Figure 19.
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Figure 19: LTE best server coverage.

07. CONCLUSION
A large two-story shopping mall has poor existing macro signal coverage and is in need of a dedicated in-building
wireless system. The in-building network is to include three WSPs as well as the First Responders (public safety)
network. The three WSPs support UMTS and LTE technologies at cellular, PCS, and AWS bands; this dictates the
use of a neutral-host DAS as the solution. Since the mall has two levels, three-dimensional modeling of the venue
is essential.
Aesthetic considerations dictate DAS design at shopping malls more than at any other type of public venue. A
typical mall management requirement is that antennas may not be installed inside any store. To overcome this
restriction, directional antennas are used to provide better signal penetration inside all stores. Antennas must also
be visually appealing and must blend in with the surrounding environment. Good choices to fulfill this requirement
are Andrew Cell-Max™ O-25 and D-25 antennas. As the DAS must serve multiple in-building base-station sectors,
the sectorization plan must be developed for each operator. The plan should minimize DAS sector overlap because
interference is highest along sector boundaries. In this example, a wedge sectorization plan is adopted because it
minimizes sector overlap on both levels.
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About iBwave
iBwave develops solutions to help wireless operators, system integrators and equipment manufacturers,
essentially anyone who has a stake in the network, bring strong, reliable voice and data wireless communications
indoors, profitably. Our customers are trying to bring the full value of voice and data networks indoors, for revenue
generation and a satisfied subscriber base. Our software and professional services are used by nearly 700 global
leading telecom operators, system integrators and equipment manufacturers in 87 countries worldwide. We help
customers realize the full value of wireless voice and data networks, increasing competitiveness by improving
the user experience, reducing churn and generating revenue through data applications to maintain ARPU. Our inbuilding design solutions optimize capital expenditure and let the network live up to its full potential. Our team is
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what drives the company to remain at the cutting edge in the field.
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