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1. Introduction
As wireless carriers start to move towards 4G mobile technology, it is placing huge demands on their
backhaul infrastructure. The multiple, high-bandwidth, quality-sensitive services that carriers have planned
for 4G technology requires an infrastructure that is packet-based, scalable and resilient, as well as costeffective to install, operate and manage. Network physical links configuration and mediums used to
connect nodes are some of most important problems of mobile communication network planning because
they will determine the long-term performance and service quality of networks. We should not forget the
fact that most of the traffic between the users on a wireless network still goes over some type of wireline
transmission network (fiber, copper) and only the last few to a few hundred feet to the end-subscriber are
really and truly wireless. Transmission network could also be designed using wireless backhaul i.e.
microwave links.
In this paper we will focus on challenges wireless companies and their transmission engineers are facing in
order to meet the capacity, reliability, performance, speed of deployment, and cost challenges in
microwave point-to-point networks. Microwave networks, although very popular in the rest of the word,
only recently have become a topic of interest in North American wireless networks. A reason for that is
that so far Telco operators were able to provide T1 circuits (so-called leased T1 lines) in many places of
interest to wireless operators; lately, requirements have changed and capacity requirements are becoming
one of the main driving forces in searching for alternatives, namely – microwave systems.

2. What is 4G?
Over the last five years, Universal Mobile Telecommunications System (UMTS) as the 3G mobile system
has been slowly introduced worldwide. It is specified by ETSI and the worldwide 3G Partnership Project
(3GPP) within the framework defined by the International Telecommunication Union (ITU) and known
as International Mobile Telecommunications - 2000 (IMT-2000). The 3G systems can support 2 Mbps for
indoor environments and at least 144 kbps for vehicular environments.
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There has been a lot of discussion about 4G in USA, particularly since Sprint Nextel announced its $3
billion plan to build their version of 4G, mobile WiMAX network. So, what is 4G? At this moment,
nobody really knows. Unlike 3G, no specific standards today spell out what a 4G service, network or
technology (or a combination of different technologies) is going to be. While the specific qualities of 4G
networks have not yet been established by any standards body (to be defined as part of the official ITU-R
process for “IMT Advanced”), 4G is expected to offer extremely fast broadband capacity with peak speeds
from 100 Mbps and possibly reaching 1 Gbps, continuous connectivity, extraordinary reliability and quality
with significantly less “delay” to support real-time services. These capabilities will enable the support of
multiple streams of high-definition video simultaneously, in combination with a variety of other
applications. As importantly, 4G is anticipated to offer unprecedented capabilities for personalization of
services, coupled with support for virtually any communications device. Since none of the wireless
technologies can cover all the needs, multi-access is emerging and several technologies and/or their
combinations may play a role in 4G as it develops:
Orthogonal Frequency Division Multiplexing (OFDM) and OFD Multiple Access (OFDMA); OFDM
transmits data by splitting radio signals that are broadcast simultaneously over different frequencies.
OFDMA provides signals that are less prone to interference and can support high data rates.
Mobile WiMAX is an IEEE specification also known as 802.16e and designed to support as high as
12Mbps data-transmission speeds using OFDMA.
The IEEE 802.20 or so-called Mobile Broadband Wireless Access (MBWA) specification is the first IEEE
standard that explicitly addresses the needs of mobile clients in moving vehicles. The design parameters of
the specification include support for vehicular mobility up to 150Mph and 802.20 shares with 3G the
ability to support global roaming [1].
Ultra Mobile Broadband (UMB), also known as CDMA2000 EV-DO, is an expected path to 4G for legacy
CDMA network providers. It’s an IP-based technology that could support 100Mbps through 1Gbps datatransmission speeds. Also key for business users, it is supposed to be able to support QoS.
Multiple-input multiple-output (MIMO) wireless LAN technology multiplexes two or more radio signals in
a single radio channel, increasing bandwidth.
Long Term Evolution (LTE) is a project of GSM/UMTS-based technology evolution that uses OFDM
and MIMO. It’s being developed by the Third Generation Partnership Project (3GPP) and could support
45M to 144Mbps of traffic with improved spectrum efficiency and low latency. Compared to UMTS,
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3GPP LTE is exclusive and solely packet-switched and IP-based which means that circuit switched core
network does not exist.

3. RAN and Backhaul Requirements
A common trend is emerging regardless of which 3G, or perhaps “4G,” evolution path wireless operators
are on. All of these new services have two common characteristics - firstly, they all generate significant
amounts of incremental bandwidth – ranging from hundreds of kilobits to several megabits per second
and possibly hundreds of megabits per second in the future 4G. Secondly, the nature of the traffic they
generate is IP, or data-oriented, as opposed to TDM voice or circuit-switched data. IP traffic is by its very
nature dynamic both in terms of usage and bandwidth requirements, characteristics that are difficult to
manage in a TDM-only environment, which is still most common case today. To be sure, IP will someday
have its place in wireless traffic backhaul networks, just as it will likely have its place in all other future
telecom networks. However, getting from today’s SONET/SDH-dominated transport networks to an allIP network is no simple task.

Figure 1 RAN Planning for 4G Networks

This growth of IP traffic is significant in that it places a considerable strain on the traditional wireline
infrastructure that wireless operators have been using for decades to backhaul traffic from their cell sites
into their core networks. For wireless operators, this portion of their network is often referred to as the
radio access network (RAN), and getting the traffic back into their network across the RAN is commonly
referred to as RAN backhaul. What is sometimes not considered is that wireless networks have a significant
dependency on wireline networks. In fact, once the radio traffic generated by mobile devices hits the
nearest cell tower, or base station, the traffic is then transported over a mostly TDM based traditional
leased line infrastructure. From a bandwidth perspective, in common 2G networks such as CDMA,
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1xRTT, GSM, GPRS, etc., operators generally only require one or two T-1/E-1 leased lines for every
wireless base station (cell site) location. The deployment of the 3G wireless services, however, generally
leads to the initial introduction of two to four incremental T-1/E-1 lines, essentially doubling their access
backhaul needs as a starting point, not even considering future growth requirements (which sometimes is
underestimated) or the new 4G network requirements. Some predictions claim that TDM and ATM
upgrade costs scale linearly requiring ten times the investment to upgrade the network to ten times the
bandwidth. According to some other estimates, Ethernet/IP networks scale more slowly and require as
little as twice the investment for ten times the capacity.
Wireless operators are not overly keen to expose their mobile voice and data backhaul costs. This is
because the figure can run from 20% to 50% of operating expenses (OPEX), and often the wireless
provider ends up paying a large sum directly to a competitor, such as a local incumbent. Some predictions
specify that, even before the 4G deployment, the bandwidth requirements to the cell-site will continue to
grow and possibly exceed 20Mbps in 2009. Figure 1 shows some of the predicted characteristics of the 4G
wireless system and the Radio-Access Network (RAN) requirements.
Although fiber-optics based systems can be a feasible solution to the bandwidth problem, the associated
cost of fiber-optic solutions, coupled with the deployment challenges, in most cases may prove as strong
deterrents in their wide-spread deployment for future access networks. So, ‘‘wireless backhaul’’ emerges as
a strong candidate for backhaul transmission; microwave links in commonly utilized 6, 18, 23GHz bands,
as well as the new technologies based on free space optical links (also called optical wireless) or 60, 70,
80GHz, and above, millimeter wave have been studied as alternative access technologies. These
technologies, either as stand-alone or as hybrid systems, will provide high-bandwidth links for future
access networks.

4. Millimeter-Wave Point-to-Point Radios

4.1 About Millimete r- Wave R adios
Every new generation of wireless networks require more and more cell-sites that are closer and closer
together combined with the fast growing demand for the capacity of the transmission links. Millimeter-
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wave radio has recently attracted a great deal of interest from scientific world, industry, and global
standardization bodies due to a number of attractive features of millimeter-wave to provide multi-gigabit
transmission rate. Wireless broadband access is attractive to operators because of its low construction cost,
quick deployment, and flexibility in providing access to different services. The new millimeter-wave
(MMW) radio services which in October 2003, the Federal Communications Commission (FCC)
established together with the allocation, band plan, service rules, and technical standards will promote the
private sector development and use of the “millimeter wave” spectrum in the 71-76 GHz, 81-86 GHz and
92-95 GHz bands (“E” bands.) It is expected that the millimeter-wave radios can find numerous indoor
and outdoor applications in residential areas, offices, conference rooms, corridors, and libraries. It is
suitable for in-home applications such as audio/video transmission, desktop connection, and support of
portable devices while for the outdoor point-to-point microwave systems, connecting cell-sites at one mile
distance or closer, it will offer a huge backhaul capacity.
The 60-GHz band has been allocated worldwide for unlicensed wireless-communications systems. In
2001, the Federal Communications Commission (FCC) set aside a continuous block of 7 GHz of
spectrum between 57 and 64 GHz for wireless communications. All users are permitted except radar and
the regulatory organizations in United States, Japan, Canada, and Australia have already set frequency
bands and regulations for 60 GHz operation while in Korea and Europe intense efforts are currently
underway. A major factor in this allocation with commercial ramifications is that the spectrum is
“unlicensed” – in other words, an operator does not have to buy a license from the FCC before operating
equipment in that spectrum. In addition to the high-data rates that can be accomplished in this spectrum,
energy propagation in the 60 GHz band has unique characteristics that make possible many other benefits
such as excellent immunity to interference, high security, and frequency re-use.
In addition to the very low power levels discussed above, millimeter-wave systems do not penetrate the
human body. High-frequency emissions such as 60 GHz are absorbed by the moisture in the human body
and are thereby prevented from penetrating beyond the outer layers of the skin. Lower-frequency
emissions penetrate and may even pass completely through the human body while the minimal penetration
of 60-GHz energy sets it apart from the debate that currently surrounds the safety of other RF
communication systems. At MMW frequencies, RF is generally absorbed at skin but eye damage is a
dominant health concern. FCC limit has been adopted in consultation with four other health-related
agencies and for 1.5-100 GHz equals 1 mW/cm2 averaged over 30 minutes (general public exposure), and
5 mW/cm2 averaged over 6 minutes for occupational/controlled exposure.
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4.2 70, 80, and 90 GHz Ban ds
In 2003, the Federal Communications Commission (FCC) made ruling on opening up 13 GHz of
spectrum at frequencies much higher than had been commercially available before. This spectrum provides
for the first time the means to provide economical broadband connectivity at true gigabit data rates and
beyond. In 2005, the Commission for European Post and Telecommunications (CEPT) released a
European-wide frequency channel plan for fixed service systems in these bands and the following year, the
European Technical Standards Institute (ETSI) released technical specifications covering these bands. Of
particular interest is the 10 GHz of bandwidth at 70 and 80 GHz. Designed to coexist together, the 71 to
76 GHz and 81 to 86 GHz (E-band) allocations allow 5 GHz of full duplex transmission bandwidth;
enough to transmit a gigabit of data even with the simplest modulation schemes. With more spectrally
efficient modulations, full duplex data rates of 10 Gbps (OC-192, STM-64 or 10GigE) can be reached.
With direct data conversion and low cost diplexers, relatively simple and thus cost efficient and high
reliability radio architectures can be realized.
The three spectrum segments of the E-band (71-76, 81-86, and 92-95 GHz) have been allocated as a
shared non-Federal and Federal Government service for short-range line-of-sight radios having a
transmission capacity comparable to that of fiber-optic communications. Spectrum reuse is based on a
“pencil beam” concept; that is, very high angle discrimination between nearby links. E-band is the highest
frequency spectrum yet allocated to licensed operation, and it contains sufficient space for digital
transmission speeds comparable to those of optical communication systems (1.25-5 Gbps). Furthermore,
under the licensing rules, a large number of users within a small geographic area will be able to share the
E-band allocation.
The FCC’s approach to the use of E-band spectrum is nonexclusive, nationwide licensing with site-by-site
coordination, but without extensive FCC action. This is made possible by using a “pencil beam” concept
of operation, in which stringent requirements are placed on the antenna radiation pattern of at least 50 dBi
gain and no more than a 0.6 degree half-power beamwidth. Thus users will be able to set up short-distance
links at locations where the time and cost of installing fiber optic cable are prohibitive. Other than the
pencil beam antenna concept to allow very high spatial reuse of frequencies, there are few restrictions
imposed on manufacturers of E-band equipment. Some of the radios on the market are using the 71-76
and 81-86 GHz bands as a paired channel i.e., each transceiver transmits only in one of the bands and
receives only in the other. Presently, they have a fixed transmission speed of 1.25 Gbps full duplex, and
their intended applications are high-speed wireless local area networks, broadband access systems for the
Internet, and point-to-point communications. Each E-band licensee is assigned the totality of the
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spectrum in the 71-76, 81-86, and 92-95 GHz bands. 92-95 GHz band is intended for indoor applications
only, so it is not a part of this discussion.
The FCC ruling permits a simplified (and cheaper) licensing scheme for millimeter-wave radios, and a ten
year license can be applied for, granted and purchased in less than a day. The Commission will issue an
unlimited number of non-exclusive nationwide licenses to non-Federal Government entities for the 12.9
GHz of spectrum allocated for commercial use. These licenses will serve as a prerequisite for registering
individual point-to-point links. The 71-95 GHz bands are allocated on a shared basis with Federal
Government users. In addition, proposed links must be coordinated with NTIA via an automated
coordination mechanism that will allow non-Federal Government users and the Database Managers to
determine whether a given non-Federal Government link has any potential conflict with Federal
Government users.
Licensees must meet the loading requirements of 47 C.F.R. § 101.141. If it is determined that a licensee
has not met the loading requirements, then the database will be modified to limit coordination rights to the
spectrum that is loaded and the licensee will lose protection rights on spectrum that has not been loaded.
There are no current international agreements between and among the United States, Mexico and Canada
with regard to the subject 71-76 GHz, 81-86 GHz and 92-95 GHz bands. However, as a general rule,
wireless operations must not cause harmful interference across the Canadian and Mexican borders.
For more information on registration process in the 71-76 GHz, 81-86 GHz, and 92-95 GHz bands, see
Ref [2].

4.3 60 GHz Unlicense d B an d
The 60-GHz band (V-band) has been allocated worldwide for unlicensed wireless-communications
systems. In 2001, the Federal Communications Commission (FCC) set aside a continuous block of 7 GHz
of spectrum between 57 and 64 GHz for wireless communications. All users are permitted except radar.
On June 1st, 2007, the FCC released ET Docket No. 07-113, which would revise the FCC's rules regarding
operation in the 57- 64 GHz Band. The proposal would amend the requirements in Part 15 of the FCC's
rules applicable to transmitters operating on an unlicensed basis in the 57-64 GHz frequency range.
Specifically, the proposal would increase the fundamental radiated emission limit for unlicensed 60 GHz
transmitters with very high gain antennas, specify the emission limit as an equivalent isotropically radiated
power ("EIRP") level, and eliminate the requirement for a transmitter identification for 60 GHz
transmitters. The proposal would increase the current Part 15 average power EIRP level from 40 dBm to a
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new level of 82 dBm minus 2 dB for every dB that antenna gain is below 51 dBi. The Part 15 peak power
EIRP level would increase from 43 dBm to a new level of 85 dBm minus 2 dB for every dB that the
antenna gain is below 51 dBi. These increases would be limited to 60 GHz transmitters located outdoors
or those located indoors with emissions directed outdoors, e.g. through a window. The changes would
allow longer communication ranges for unlicensed point-to-point 60 GHz broadband digital systems and
thereby extend the ability of such systems to supply very high speed broadband service to office buildings
and other commercial facilities.
Point-to-point wireless systems operating at 60 GHz have been used for many years by the intelligence
community for high security communications and by the military for satellite-to-satellite communications.
Radio propagation in this frequency band is a phenomenon of nature; the oxygen molecule (O2) absorbs
electromagnetic energy at 60 GHz. Figure 2 shows the gaseous attenuation for oxygen absorption and for
water vapor absorption as a function of range, over and above the free-space loss. The resonances for
frequencies below 100 GHz occur at 24 GHz for water vapor and 60 GHz for oxygen. This absorption
occurs to a much higher degree at 60 GHz than at lower frequencies typically used for wireless
communications and it weakens (attenuates) 60 GHz signals over distance, so that signals cannot travel far
beyond the intended receiver. About 15 db/km attenuation at 60 GHz is a value at sea level and it gets
lower with the altitude (ITU-R, 1996.) This reduction in signal strength enables higher “frequency reuse” –
the ability for more 60 GHz links to operate in the same geographic area than links with longer ranges.
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Figure 2 Gaseous Absorption at 60 GHz

The O2 absorption affects the range, with the resulting benefits described above; however, link distances
of millimeter-wave radios operating in the real world are limited primarily by rain. Users of these products
typically want the links to provide robust communication capability, such as the “five nines” of availability
demanded by most carriers. In this application, the rainfall rates where the product is used will typically be
more of a limiting factor than O2 absorption. Simply stated, the maximum operating link distance is a
function of level of availability desired (for example, 99.999% or 99.99%) and rainfall rates in the
geographic area of intended use i.e. link distance increases as level of availability and rainfall rates decrease.
Rainfall statistics are so well known for locations around the globe that range and availability can be
accurately predicted. In moderate rain regions, the rain attenuation is about twice the oxygen attenuation,
and in heavy rain regions, the rain attenuation is more than three times the oxygen attenuation. Therefore,
in designing a 60 GHz link to provide robust communication capability in the real world, rain attenuation
is actually a larger factor than oxygen absorption although both have to be taken into consideration.

5. Microwave Link and Network Availability

5.1 Availability an d Pe rfo rm an ce in Leg acy TDM Netw orks
For the network operators, one of the key factors to the success is its ability to maintain a high standard of
network performance which can only be achieved by adopting the appropriate QOS metrics and
measurement tools. "Five nines," the jargon that means a piece of equipment will function reliably 99.999
percent of the time (statistically, about five minutes of downtime per year), used widely in the legacy TDM
networks, may not be sufficient criteria in a world of always-on mobile devices and ever-increasing video
consumption.
Table 1 Unavailable Time per Year
Availability
[% of time]

Unavailability
[% of time]

Unavailable Time
per Year [min]

99.999

0.001

5.3

99.995

0.005

26.3

99.990

0.010

52.6
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99.950

0.050

262.8

99.900

0.100

525.6

Table 1 shows some of the commonly used percentage values for unavailability. The “five nines”
availability requirement, correctly or incorrectly, has been applied to almost everything – from the
telecommunications equipment to microwave paths, fiber-optic links, and sometimes even all-inclusive
end-to-end link. When talking about availability it is a good idea to define what exactly these “five nines”
include. Unfortunately, to make things more complicated/interesting, “five nines” will mean different
thing to different people but this could be a topic for another article.
In North America, it is quite common to sometimes arbitrarily network designers assign the requirement
of 99.999% of time availability to the microwave path (regardless of its length) and a guarantee of Bit
Error Rate (BER) better than 10-3 (or even 10-6) during that period. In many cases, designers neglect an
actual quality and reliability of the link due to increased BER and focus only on the availability; the fact
that the microwave link (or any other network connection) is available does not mean that the link (and
therefore the entire network) is working properly. From that prospective, ITU methods and models
developed and continuously revised over the last 20 years or so, will go a step further and try to
incorporate all the possible factors (including equipment) that may affect the network availability, quality,
and reliability.

5.2 Availability an d Pe rfo rm an ce in IP- base d Netwo rks
The mobile backhaul network evolves from the conventional PDH/SDH transport towards less expensive
solutions, i.e. the Ethernet or IP transport. Next generation of wireless networks will be IP-based; network
providers need to upgrade their IP networks to support not only existing best-effort services but also realtime services and existing Layer 2 services. Best-effort services such as e-mail are able to withstand the
significant delay, packet reordering and outages common on most IP networks. On the other hand, realtime services, such as voice-over-IP (VoIP), video, streaming media and interactive gaming, demand a
higher level of network performance with low latency and high network availability. Essential services that
currently reside on ATM and frame-relay switches cannot be transitioned to a network that neither is
stable nor delivers the QoS service-level agreements require. For IP networks to support demanding realtime applications and converged legacy networks, carriers must overcome a number of obstacles; poor
router reliability, lack of link protection, disruptive operations, slow convergence time, and multi-service
support are just some of them.
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Even though Ethernet/IP provides significantly cheaper bandwidth, in terms of cost per bit than legacy
ATM and TDM, the technologies so far have rarely been used for transport in mobile access networks in
part due to the lack of sufficient QoS and resilience to guarantee the required service level. Different QoS
requirements for voice, data, and video services must be supported by a well-designed IP and Ethernet
based network. Driven by the Metro Ethernet Forum (MEF), a high-quality transport service labeled
“Carrier Grade Ethernet” has been defined to meet these needs. The standard supports high QoS
characteristics and a hard Service Level Agreement. With the increasing importance of Class of Service
standards, Carrier Class Ethernet certification, and real-time applications, assuring QoS is a critical element
in offering Ethernet services [3].
Some of the main causes of IP network downtime are router hardware and software failures. In contrast to
traditional central-office equipment such as voice and ATM switches, IP routers were not designed to
support carrier-grade 99.999 percent availability; and typical large IP networks achieve only between 99.95
and 99.99 percent availability. This is much more downtime than the "five nines" availability benchmark of
legacy data networks. New generations of routing platforms have achieved 99.999 percent availability by
providing full hardware and software redundancy in single router; in addition, hitless software upgrades are
essential to the delivery of 99.999 percent availability because they eliminate router downtime associated
with software upgrades.
A study by the University of Michigan observed that link failures accounted for 32% of the outages in a
large regional IP network. That's not particularly surprising, since IP networks traditionally have been built
without locally protected links. Instead, these networks have relied on the ability of routers to route around
failed links which produces unacceptable disruption to real-time and converged services.
ITU-T Y.1541:”Network Performance Objectives for IP-Based Services,” (2002), recommendation defines
six network Quality of Service (QoS), and specifies provisional objectives for Internet Protocol network
performance parameters. These classes are intended to be the basis for agreements among network
providers, and between end users and their network providers.
ITU-T Y.1540:”IP Data Communication Service – IP Packet Transfer and Availability Performance
Parameters,” (2002), recommendation defines parameters that may be used in specifying and assessing the
speed, accuracy, dependability, and availability of IP packet transfer of international IP data
communication service. Connectionless transport is a distinguishing aspect of the IP service that is
considered in this recommendation. The defined parameters apply to end-to-end, point-to-point IP service
and to the network portions that provide, or contribute to the provision of such service.
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Figure 3 shows a Venn Diagram (Venn diagrams are illustrations used in the branch of mathematics
known as set theory and they show all of the possible mathematical or logical relationships between sets or
groups of things) where the universe is Total Service Time. The IP service providers may identify
maintenance intervals where service availability is not guaranteed; thus, the service time universe is usually
different from the universe of all time.
Total Service Time
Available Time

Unavailable Time

Not
Compliant

IPSLB

Poor Performance

Not Accessible

Not Accessible ,
Not Continuous

Not Continuous

Figure 3 Availability of IP Networks

Total service time is divided in two main categories; available time (on the left) and unavailable time (on
the right). Note that the relative sizes are not to scale, since available time is usually (and preferably) much
larger than unavailable time. Unavailable time is composed of the following regions:
•

Not accessible: The service user is unable to communicate with the IP network because of failure in
the access network transport or network elements. The access link itself or router interface failure
are common causes. Packet loss ratio is typically 100%, and this failure will often take much longer
than 5 minutes to correct. Maintenance forces should be almost immediately alerted to the failure
by fault management systems.

•

Not continuous: The service user is unable to communicate with the desired destination, because of a
failure in IP network global routing information. The user may be able to communicate with some
destinations, but not the desired destination. Packet loss ratio is typically 100%, and this failure will
often take much longer than 5 minutes to correct.

•

Not accessible, not continuous: The service user is unable to communicate while both of the above
conditions exist simultaneously.
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•

Poor performance: The service user is unable to communicate reliably with the desired destination.
The packet loss ratio is 75% or greater, and the user will deem the service unavailable for
communicating with almost any form of IP network application. When congestion is the primary
cause for this level of packet loss, end-to-end flow control should be activated to alleviate it (as
provided in TCP).

Available time is composed of the following regions:
•

Y.1541 Class n-complaint: The service user is able to communicate with the desired destination and
the packet transfer performance is compliant with the objectives of the one of the six agreed
classes (Class 0 to Class 5). Evaluation of this state is usually conducted in 1-minute intervals. Note
that any user application will have specific capacity needs; the ability to support a traffic contract
(as defined in ITU-T Rec. Y.1221) must also be considered.

•

Not compliant: The service user is able to communicate with the desired destination, but the packet
transfer performance does not meet one or more of the objectives of the agreed class. Evaluation
of this state is usually conducted in 1-minute intervals.

•

IP Packet Severe Loss Block (IPSLB): The service user is able to communicate with the desired
destination, but the packet transfer performance does not meet one or more of the objectives of
the agreed class. Specifically, the loss ratio is sufficient to determine that an IPSLB has occurred
(provisionally defined as more than 20% loss in a 1-minute interval).

An availability function serves to classify the total scheduled service time for an IP service into available
and unavailable periods. Unless otherwise noted by an IP service provider, the scheduled service time for
IP service is assumed to be 24 hours a day, seven days a week. IP packet loss ratio (IPLR) is the ratio of total
lost IP packet outcomes to total transmitted IP packets in a population of interest. The basis for the IP
service availability function is a threshold on the IPLR performance. The IP service is available on an endto-end basis if the IPLR for that end-to-end case is smaller than the threshold c1 defined as follows:
Outage criterion: IPLR>c1
Threshold: c1 = 0.75
The value of 0.75 for c1 is considered provisional and is identified as requiring further study. Values of 0.9
and 0.99 have also been suggested for c1. However, at this time the majority of causes for unavailability
result from failures where the loss ratio is essentially 100%, and unavailable periods of more than 5
minutes accompany such failures. When IP networks support multiple qualities of service, it may be
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appropriate to consider different values of c1 for different services. In this case, c1 values of between 0.03
and 0.2 (based on resilience of different speech coders) have been suggested for services offering ITU-T
Rec. Y.1541 Class 0 or Class 1, and c1 of 0.75 for Class 5.
The threshold c1 is only to be used for determining when the IP network resources are (temporarily)
incapable of supporting a useful IP packet transfer service. The value c1 should not be considered a
statement about IPLR performance nor should it be considered an IPLR objective suitable for any IP
application. Performance objectives established for IPLR should exclude all periods of service
unavailability, i.e., all time intervals when the IPLR > c1.
Recommendation ITU-T M.2301 provides performance objectives and procedures for provisioning and
maintenance for IP-based networks. It focuses attention on parameters that significantly affect the quality
of service perceived by the customer, and the methods of measuring those parameters including those
parameters that affect delay performance at the application layer. The performance of fixed access links,
whose routing does not change, is covered while performance limits for temporary dial-up access links,
end-customer owned portions and MPLS networks are not covered by this recommendation and are for
further study.
Requirement for the availability of the microwave link carrying IP/Ethernet traffic is still under
consideration but at the moment most operators in North America today are still using only usual “five
nines” availability requirement per link at either 10-3 or 10-6 BER. In addition, more attention is being
placed not just on availability but performance of the link during the available time.

5.3 Quality o f Ex perien ce
The term quality of (user) experience (QoE) has been used to differentiate between user-perceived quality
and technical quality measures relating to data transport, commonly known as “Quality of Service” (QoS).
QoE is a relatively new term and could be defined as “the overall acceptability of an application or service,
as perceived subjectively by the end-user”. QoE in the context of telecommunications networks
(sometimes also abbreviated as QoX) is a purely subjective measure from the user’s perspective of the
overall value of the service provided. It is related to but differs from Quality of Service (QoS), which
attempts to objectively measure the service delivered by the operator. User’s experience depends not only
on the network but also the application; only by understanding both the application and network facilities
for QoE, it is possible to ensure the highest quality of the user‘s experience.
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It is relatively easy to objectively measure the QoS within the network; in communications networks QoS
can be defined in terms of blocking probability, network availability, setup time, network robustness,
throughput, delay, jitter, bit error rate and packet loss rate and other criteria. All of these affect the QoE of
the user. Unfortunately, the QoS can provide misleading information since even though the QoS is
acceptable, the end user’s QoE is actually unacceptable; there exists a nonlinear relationship between the
network parameters and the user perception of service delivery quality. QoE is starting to emerge as a
topic in the literature, in industry circles and at select customers in recognition that the traditional
methodology of QoS (which manages network configuration and performance) is often ineffective in
ensuring the desired user experience. QoE examines all elements that influence a user's perception of the
interaction and makes use of many relevant metrics and technologies (including where appropriate specific
network layer QoS technologies) to deliver the best possible experience. More information can be found in
ITU-T E.800 “Collective effect of service performances which determine the degree of satisfaction of a
user of the service.”

6. Microwave Networks

6.1 Designing an d Building a Reliable Microwave Netwo rk
One of the main challenges network designers are facing even in 3G networks is a problem of leasing
sufficient capacity from the local carriers; in 4G networks, this problem will be magnified exponentially.
Building the microwave system from ground up involves many different activities, some of which are very
lengthy and some could be expensive (for example - tower improvements). Business case has to be
prepared with a due diligence, based on the preliminary microwave network plan; building and owning a
microwave network will in most instances prove to be the most cost-effective solution, especially if there is
a need for multiple T1 circuits on a day one and/or the network has a potential for the growth in the near
future.
Microwave network planning usually means high-level decision-making process that includes frequency band,
system capacity, and network topology and performance objectives. Preliminary path engineering including
routing design and preliminary path analysis should be done prior to any field trips and detailed design.
Results of the preliminary network planning activities are basis on which the whole project will be assessed
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and potentially approved or rejected. Figure 4 shows most commonly used network topologies in backhaul
engineering today. Ring topology does not necessarily mean that the connections look like the ones shown
in this figure; it is important that traffic flow is logically routed in a circular (ring) fashion.

Figure 4 Basic Network Topologies in Backhaul Engineering

Figure 5 High-reliability Network Topology

In case where every site requires high-capacity links, it makes sense to envision a network where all (or
most) sites are connected in the high-reliability network topology (Figure 5). Fully connected and mesh
topology provide a high redundancy for all the sites but is definitely not very cost-effective way of
designing the network.
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Figure 6 4G RAN Topology

A better approach to physical links [4] topology for the 4G RAN has been proposed and analytically
argued taking into consideration a load and routing capabilities. It is named the “cluster-cellular” or, in
other words, it is known as a ring topology. Ring topology has been used for years in high-capacity backbone
systems while the rest of the cell-sites were connected in some type of star, daisy-chain or tree topology.
An example of the 4G-RAN ring topology is shown in Figure 6.
In such topology base stations are connected to each other and there is a “cluster-main” base station
linked to the RNC. Base stations in the ring topology may be connected to each other by optical fiber links
that are preferred as the dominant links to construct the 4G RAN, mainly from the viewpoint of link
capacity. Nevertheless, it should be emphasized that the infrastructure cost of optical fiber networks is
very expensive because of high installation cost so most likely microwave point-to-point links will be used
instead. To avoid single point of failure, dual-homed rings may be implemented; it can be seen from Figure
7 that failure of any link or site should cause the failure of traffic from any other site. Although this
architecture looks more expensive, due to network survivability it offers a high potential for cost reduction
in the long run [5]. It is important to emphasize that operators will choose different network topologies
based on their own criteria and preference in the particular market.
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Figure 7 Dual-Homed Ring Network Topology

Designers have to be careful enough not to try to over-dimension the microwave network and make it unnecessary costly. Designing the path reliability to 99.995, 99.999 or 99.9995 percent of time may be a lot
less significant topic in comparison by other network-related issues. In the microwave network, path
outages due to rain, multipath, and other severe conditions are very important, but not the only
contributors to over-all unavailability or performance problems of the network. According to Bellcore
(now Telecordia) in any telecom network, outages due to software and hardware contribute to 45% of
telecommunications network downtime. Scheduled maintenance represents the single largest contributor
to network downtime. Scheduled maintenance is necessary to repair or replace faulty components, for
preventative maintenance efforts, and to upgrade system software and/or hardware. Human factors are
another major cause of downtime. Some of this downtime is due simply to human error or careless
mistakes, such as entering the wrong command on a system or cutting a cable, or not fully understanding
how to configure, provision, and maintain networking equipment. Although properly designed and
installed microwave system does not require lots of maintenance, periodic maintenance program has to be
implemented. Performing detailed ATPs (Acceptance Test Procedures) and preparing As-Built
documentation at the end of the deployment cycle is important because they will result in the written trail
that will be used later as a baseline for testing and troubleshooting. Again, properly designed and installed
microwave network will not cause problems but all the shortcuts and oversights made during the build-out
process most likely will.

6.2 Microwave R adios
All-indoor Microwave Radio - this type of configuration consists of the entire microwave and digital modem
part being placed indoors, microwave antenna mounted outside on the tower and a waveguide connecting
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the transceiver of the radio with the antenna. Most commonly used waveguides today for terrestrial
microwave point-to-point systems are elliptical waveguides. This solution is acceptable for the lower
frequencies bellow 10 GHz and high-capacity (backbone) microwave systems but quickly becomes
unacceptable as frequency increases. This is due to the high losses in the transmission lines (coax or
waveguide) which become unacceptably high at higher frequencies.
Split Configuration Microwave Radio - this type of configuration has a microwave terminal with an outdoor
part, the radio unit(s) and an indoor part, the access module. Whenever possible, split configuration
microwave radio is replacing the standard, all-indoor configuration. To reduce losses between transceiver
and antenna, the Outdoor Unit (ODU) containing all the RF modules can be mounted nearby the antenna.
The ODU is connected to the Indoor Unit (IDU), containing baseband circuitry, modulator and
demodulator, by means of one single coaxial IF cable that can usually be up to 300 meters (1,000 ft) long.
From the operational prospective, split configuration is easier and faster to install, less space and
equipment required, etc. but climbing tower to troubleshoot, repair or replace ODU is not an easy task. It
requires at least two skilled, trained and licensed riggers to maintain the site. So, it is a decision that has to
be made based on a number of factors, like tower loading, environment and climate, location, proximity to
the service centers, ease of installation, etc.
Leading mobile operators including China Mobile, KPN, NTT DoCoMo, Orange, Sprint Nextel, TMobile and Vodafone have joined forces to develop a common vision for mobile networks and
technology that will take the industry beyond the HSPA and EV-DO roadmaps. The backhaul will use
some flavor of Ethernet - widely deployed Ethernet is now also rapidly gaining popularity in metropolitanarea networks (MANs). Network service providers have discovered that they can leverage Ethernet’s high
speeds, widespread interoperability, and economies of scale to reduce capital and operating expenses and
to also grow their portfolio of service offerings.
Ethernet frames can also be carried over the microwave point-to-point links. One of the important
features of this type of radios is a capability to drop low-priority traffic in the event that the link suffers
degradation (bad weather and rain, for example). This is an improvement over the traditional TDM and
SDH links which fail under degraded conditions. Microwave Ethernet transport solutions will incorporate
link aggregation inside the radio, using an embedded Layer 2 Ethernet switch thus enabling aggregation of
two, three or more physical links. Cross-Polar Interference Cancellation (XPIC) can then be used to
double the channel efficiency using both polarizations at the same time.
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Radio links achieve high efficiencies by using high modulation rates that can squeeze more payload into a
given bandwidth and deliver bigger throughputs compared to less advanced modulation techniques. The
tradeoff is the facts that as modulation rates go up, system gain and maximum hop distances are reduced.
A result is a system optimized either for frequency efficiency or for performance over longer paths but not
for both.

6.3 Impo rtance of P recise Rain Rate D ata on the Link Design
Many high-frequency (10-30 GHz) and millimeter-wave (above 30 GHz) links fail to perform properly
because rain-rates are not properly applied, or are not assessed appropriately for a micro-climate area. For
example, Town A, just 10-miles north of Town B, could have an average of 48in rain/year compared with
Town B’s 23in rain/year (average rainfall is the mean monthly precipitation, including rain, snow, hail etc.)

Figure 8 Rain Attenuation Curves

The planning for a Town A link may not be the same as that for a Town B link, even though they are in
the same rain region. We have to keep in mind that the total amount of rain is not as important as the
intensity of the rainfall (rain rate, mm/h) which also has to be carefully assessed. Many cities have their
micro-climate areas where temperature and rain rate differ quite significantly from one area to another.
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Although important in the design of all microwave links in 10-38 GHz bands, exact rain rate data becomes
absolutely critical when designing links in even higher millimeter-wave bands (see Figure 8.)
ITU-R recommendation which can be used for estimating long-term statistics of rain attenuation is
considered to be valid in all parts of the world at least for frequencies up to 40 GHz and path lengths up
to 60 km (37 miles). Most likely certain modifications of the existing models may be required to extend
their validity to MMW links. Some preliminary long-term measurements, on a  mile link, performed in
early 2000s show a significant deviation from the ITU-R recommendations; measured attenuation was
typically 1-5 dB higher that the calculated one based on ITU recommendation. It also seems that the lower
rain rates caused larger difference in results than the higher rain rates for the particular percentage of time.
Table 2 shows approximate results of millimeter-wave link engineering for the typical unlicensed 60 GHz
and licensed 70 GHz link using Crane rain model.
Table 2 Path Engineering for some typical Millimeter-Wave Links

Maximum Hop Length [Miles]
for Rain Regions in USA (Crane 1996)
Frequency

Availability

A

D-2

E

60 GHz

99.999 %

0.48

0.32

0.26

99.995 %

0.55

0.39

0.33

99.990 %

0.59

0.44

0.36

99.999 %

1.4

0.68

0.53

99.995 %

1.95

0.93

0.68

99.990 %

2.3

1.12

0.78

70 GHz

6.4 Impo rtance of P ath Surveys
For all microwave links it is an imperative to actually perform physical path survey and not to rely just on
the maps and/or aerial photographs. A path profile is a graphical representation of the path traveled by the
radio waves between the two ends of a link and a result of path survey (Figure 9.) The path profile
determines the location and height of the antenna at each end of the link, and it insures that the link is free
of obstructions and propagation losses from radio phenomena, such as multipath reflections. A path
profile is established from topographical maps, which, by reference to the contours of the map, can be
translated into an elevation profile of the land between the two sites in the path. Earth curvature (k=4/3,
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k=1, and even k=2/3 is some cases) has to be added, as well as obstacles and allowance for the future
vegetation growth. The Fresnel’s zone calculation can then be applied and an indication of any clearance
problems gained.

Figure 9 Optical Line-of-Sight

There are various software tools available to assist this process if required, but most are reliant upon the
availability of topographical data to the appropriate degree of accuracy being available in digitized format.
The surveyor must check all critical points along the path and allow for future obstructions that may
impinge the radio path. These can be due to various causes, such as new buildings, tree growth, cranes, etc.
It is also important to notice if there are some large bodies of water nearby since large reflecting surfaces
can produce problems due to increased multipath probability at frequencies below 10GHz and just optical
LOS is not sufficient to provide that information. For more information on the practical aspects of
implementing a clear First Fresnel’s Zone see reference [6].
It is important to notice that Line-of-Sight (LOS) is not the same as Path Survey and it does not provide the
same detailed information and confidence level. There are a number of other so-called LOS verification
methods, like climbing the tower and using binoculars, flashing the path, balloons, etc. In addition to being
less accurate, these methods are also more expensive (four people are required for tower sites instead of
one due to the OSHA guidelines), time consuming and logistically complex (requiring simultaneous access
to two sites), require qualified tower climbing personnel, etc. Path survey and driving/walking the path is
the only method that will identify large buildings with huge glass surfaces and water and marshlands areas,
potentially dangerous from multipath propagation prospective, as well as construction sites and new manmade structures that could block the path in the near future. Flashing, as LOS determination method, can
be used in highly urban areas where building rooftops are used and paths are very short.
For more information on the companies and methods of providing high-quality path surveys and
engineering services, see Ref [7].
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6.5 Antenna Defle ction Limitations an d Installation Challenges
Antenna mounting structures could be towers, poles, tripods, walls, etc. Things to keep in mind during the
detailed design and deployment of the MW system aside from the obvious like - sufficient space on the
tower to install and pan the microwave antenna, and allowed loading of the antenna mounting structure
(MW antenna, transmission lines and Outdoor MW unit) – is maximum allowed Twist/Sway of the
antenna mounting structure (in degrees) – it will depend on the frequency and antenna type. It is important
to notice that the requirements for the Twist and Sway of the tower could be much more stringent for the
microwave than other RF installations. There are many monopoles that were never meant to be used for
microwave dishes and are built for 3° or more of Twist/Sway.

Figure 10 Twist and Sway of the Tower

Figure 10 illustrates problems due to twist and sway of the antenna structure; although in most cases
microwave engineers would like to install microwave antennas as high as possible (Position 1) from the
LOS prospective, it may be more desirable to mount it as low as possible from the twist and sway
prospective (Position 2) in the case of the less-than-optimal structure type. Due to the shortage of tower
space and zoning issues, some operators in desperation are starting to utilize billboards, wooden light poles
and flag poles and mount microwave equipment on these very unreliable and unstable structures. Unless
these structures are specially designed or reinforced to carry microwave equipment, this practice should be
avoided. Table 3 shows maximum allowed antenna deflection (-10dB points) for commonly used bands
and antenna sizes.
Table 3 MW Antenna Deflection (-10 dB points)
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Frequency

Antenna

Deflection

[GHz]

Diameter

(-10dB points)

[feet/m]

[deg]

38
28
23

1.0/0.3
1.0/0.3
2.0/0.6

1.6
2.1
1.3

23
18
18
11

1.0/0.3
2.0/0.6
1.0/0.3
4.0/1.2

2.6
1.7
3.3
1.4

6

6.0/2.0

1.6

Towers and other antenna mounting structures (for example, the modern high-rise buildings designed to
sway during the earthquake or strong winds) that do not satisfy these requirements will cause very severe
long-term outages (and therefore unavailability of the microwave link) due to misalignment of the
antennas. It is very important to use expert tower company to calculate the loading of the tower and
maximum allowed twist and sway of the structure. These decisions cannot and should not be made on the
basis of qualitative perceptions or “gut feeling.” A simplified formula for estimating the maximum allowed
deflection (single side) for microwave transmission antenna, in degrees, is:

 10 dB =

18
f D

Where
D - Antenna diameter [m]
f - Frequency [GHz]
So, for example, if we assume 2 ft dish at the new, unlicensed millimeter frequency (MMW), 60 GHz for
example, the maximum deflection of the antenna and the structure should be 0.5°. For the licensed 70 and
80 GHz bands, this value should be even smaller. This means that these radios should be only mounted on
a sturdy tower or building wall, all other structures should be completely eliminated. Installation challenges
are twofold; first, to ensure that the antenna, together with the mounting structure, has a deflection of 0.5°
or better, and second, that people installing it have sufficient experience and/or training with a pencil-wide
beam antenna alignment. For example, unlicensed band of 60 GHz has very different installation
requirements than the usual 2.4, 5.8, and even new 24 GHz unlicensed bands.
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Very popular is becoming the use of electric transmission towers. Large electric transmission towers provide a
corridor between generation stations and substations, placed in remote, out-of-the-way locations and run
through less-expensive territories. Their location and 150-foot-plus height allow for placement of larger
antenna arrays and excellent antenna elevation. These towers are ideal as antenna locations for propagating
wireless signals over large areas. Precise engineering and extreme care must be used when placing RF
and/or microwave antennas near transmission conductors to avoid the dangers of electric arcing. From
strictly microwave prospective, these towers as well as power lines are not an obstacle to install a
microwave system even if they obstruct the LOS of the microwave system. Signal loss due to the
obstructed Fresnel’s zone (through transmission lines) would be only 1-2 dB, depending of the type of the
tower and its construction. Installation of the microwave systems using electrical utility poles and towers
must be carefully examined since they may not fulfill requirements for the twist and sway of the
microwave antenna mounting structure, especially at the higher frequencies.
Right-of-way, access and maintenance, are examples of other challenges that may limit the usage of these
structures for the antenna placement.

7. Managing Contractors and Consultants
Companies quite often have a challenge of implementing large and/or complex communications system
for which, more often than not, do not have technical and managerial capacity in terms of experience,
education or available work force. Many of these tasks can be given to contracting and/or consulting
companies and there is a significant trend toward outsourcing in the telecommunications industry today.
More and more, operators are realizing the benefits of outsourcing services such as network planning,
customer-care and billing systems, and construction and operations support systems to third parties. Due
diligence requires equal attention in case of services as it does in selection of equipment and its supplier. It
is not unusual to have different providers for the microwave equipment, engineering services and
installation services but coordination in these cases becomes extremely important and therefore crucial
part are experienced project engineers as well as strong project management team.
Wireless carriers and other network operators should utilize a company that has established processes and
procedures for health and safety, quality, customer service, performance measurement, environmental
issues, and training and development will ensure that the work is completed according to the highest
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standards. Selecting appropriately qualified contractors, consultants and engineers usually results in good
engineering designs and can significantly reduce a project's life-cycle costs. Rather than merely meeting
minimum standards, the services of appropriately qualified engineers and/or engineering consultants can
enhance a project's value to clients through rigorous consideration of alternatives, analyses of long-term
operating and maintenance costs, and innovative design. It is therefore in the operator’s best interests to
use a qualification-based selection method, which demonstrates the competence of the engineering
consultants and/or contractors in the performance of the required engineering services - design,
installation, testing, project management, etc. A lot more information on managing build-outs of large
telecommunications projects can be found in [5].
The decision about outsourcing has to be very carefully considered. In case of any network design and
planning, the company is giving away strategic responsibility to an external company so the contract
management and continuous control over the outsourcer is absolutely necessary. In highly innovative
corporate settings, the risk of outsourcing is very high, due to the potential for revealing proprietary and
sensitive information to outsiders. Turnkey solutions to large-scale projects can save money. Using a single
point of contact to design, build, and commission a telecommunications network involves many obvious
benefits like lowering overall costs, reducing cycle time, regulates quality and safety, and simplifies
administration and project management.
By using a single supplier with project-management capabilities, it has been proven that overall costs for a
project can be reduced by 15 to 20 percent. It will maintain continuity for the project and therefore
reducing costs for materials, equipment, and human resources, as it will not allow for any downtime and
overlap because of bad planning [8]. Network operators may either retain comprehensive engineering
services from a project's start to finish, or develop a work plan for contracting out specific phases of the
telecom network project to various parties. Network operators should determine which alternative is
appropriate in their situation.

8. Conclusion
4G wireless network build-out is not going to be an easy task. Capacity requirements, not an issue in
previous generations of wireless networks, will be the major driving force in 4G networks and will dictate
the backhaul network design approach. Applying the sound planning and engineering techniques (some of
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which are mentioned in this article), combining fiber-optic and microwave technologies, and using the best
and most knowledgeable engineering companies to do the work, will help wireless operators build the
networks of the future.
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