Microwave provides future backhaul capacity

Microwave capacity evolution

Microwave is a cost-efficient technology for flexible and rapid backhaul deployment to almost
any location. It is the dominant backhaul media for mobile networks in the world today, and is
expected to maintain this position during the evolution of mobile broadband.
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New RAN architectures such

as HSPA-evolved, LTE and
heterogeneous networks have
led to an ever increasing demand
for backhaul capacity. In this
article, key emerging gigabit

per second (Gbps) microwave
technologies that help address
this issue are explored.

Background
Point-to-point microwave links are
deployed using FDD with paired chan-
nels, and typically hop-by-hop licensing.
Frequency bands are governed by chan-
nel plan recommendations from inter-
national organizations such as CEPT/
ECC and ITU-R, and span a wide range
of frequencies from 6GHz to 86GHz —
as shown in Figure 1. Today, the major-
ity of point-to-point links are installed
in the lower (blue) bands, whereas the
higher (red) frequency bands offer wider
bandwidths but are more vulnerable to
precipitation. As such, the higher bands
are more suitable for short hopsup toa
few kilometers in range.

National spectrum regulators control

the availability of frequency and chan-
nel bandwidth; it is their responsibility
to prioritize spectrum use among mil-
itary, medical, space, automotive and
fixed-service applications. Originally,
the recommended channel bandwidths
for point-to-point links were tailored for
PDH/SDH transport networks based on
ageneric pattern of 3.5 or 2.5MHz chan-
nel spacing. The most common chan-
nels in Europe, for example, are 3.5, 7,
14 and 28MHz, with 56MHz channels
available in some cases. Over the past
few years, the rollout of mobile broad-
band has fueled the trend toward using
wider channels to enable greater capac-
ity in the microwave link. In Europe,
112MHz channels have been intro-
duced and use of the 3.5MHz channels
isdeclining.

It is estimated that mobile-broad-
band trafficwillincrease more than ten-
fold during the next five years®. Many
operators consider microwave to be a
potential capacity bottleneck for future
mobile backhaul due to its relatively
narrow frequency channel and lack
of spectrum in hotspot sites needed

Terms and abbreviations

in densely populated areas. A typical
mobile-backhaul network has thou-
sands of hops, and operators must be
able to increase microwave capacity
without having to change frequency
planning and replace equipment across
their entire network.

This article reviews current and
future microwave solutions with the
potential for Gbps backhaul capac-
ity levels, for rural and urban areas.
The solutions presented make best
possible use of the advantages of micro-
wave technology, including fast deploy-
ment, flexibility and low total cost. The
possibilities created by 112MHz chan-
nels in the 42GHz band and by wider
channel bandwidths in the 70/80GHz
bands are explored. Finally, test-bed
results are presented with record-
breaking 1024QAM modulation, 5Gbps
single-carrier radios, the world’s first
line-of-sight (LoS) MIMO microwave
demonstration and ultra-high spectral
efficiencies offering Gbps transport
capacity on a single 28MHz channel.

Breaking through the capacity barrier

This article defines capacity of a micro-

wave link in two ways:

# gross bit rate through the air; and

# linerate (the actual capacity available to
users for data transportation).

Line rate is equal to the gross bit rate

3GPP 3rd Generation Partnership Project Mbps megabits per second N

CEPT European Conference of Postal and MIMO multiple-input, multiple-output minus overhead data such as forward
Telecommunications Administrations m-QAM  multi-level quadrature amplitude error-correction coding and frame over-

DWDM dense wavelength division multiplexing modulation head. Using efficient coding, native

ECC Electronic Communications PDH Plesiochronous Digital Hierarchy TDM and Ethernet transport, overhead
Committee QAM quadrature amplitude modulation datatypically occupies 5 to10 percent of

FDD frequency-division duplexing RAN radio-access network the gross bit rate.

GbE Gigabit Ethernet SDH synchronous digital hierarchy A PDH microwave link in a 28MHz

Gbps gigabits per second SS-DP spatially separated dual-polarized channel typically carries a line rate of

HSPA High-Speed Packet Access TDM time division multiplexing 34Mbps. However, it is possible to reach

ITU-R International Telecommunication WCDMA  Wideband Code Division Multiple Gbps bit rates through such a channel.
Union - Radio-communication Access Three methods can be used to increase

LoS line-of-sight XPIC cross-polarization interference the line rate:

LTE Long-Term Evolution cancellation & improve the gross bitrate;
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* apply traffic optimization techniques;
and

# reduce theradio overhead.

The gross bit rate can be increased by

widening the used bandwidth and by

improving spectral efficiency through
increasing the number of bits transmit-
ted per frequency bandwidth.

Traffic-optimization techniques
remove redundant content from data
streams before transmission. In an
Ethernet stream, traffic optimization
could, for example, include removing
interframe gaps or compression of the
transported data. Data compression
efficiency is highly dependent on the
type of data transported. If data is ran-
domly distributed, as is the case for com-
pressed and encrypted data streams,
compression gain is limited or non-
existent. Mobile-broadband payload
traffic is generally compressed, and
encryption is the default choice for
WCDMA traffic and recommended by
3GPP for LTE.

As radio overhead is considered
to be low, and traffic optimization is
generally applicable to any type of
capacity-limited transport medium,
this article focuses on methods for
increasing the gross bit rate of a
microwave link. Presented below are
methods for:

# increasing operational bandwidth by
using new frequency bands or multi-
carrier channel aggregation; and

* improving spectral efficiency inamicro-
wave link with emphasis on high-order
modulation techniques and LoS MIMO.

The impact on reach and availability
is discussed, as well as how adaptive
modulation techniques can be used to
extend the reach of high-capacity micro-
wave links while guaranteeing a mini-
mum bit rate with high availability.

Increasing thegrossbitrate

Channel bandwidth limits the num-
ber of symbols per second that can be
transmitted on a microwave carrier.
Using advanced signal-processing tech-
niques, the symbol rate may, in mod-
ern microwave systems, reach up to 0.9
times the channel bandwidth without
violating spectrum masks. This implies
thatabout 50Mbaud may be used for sig-
naling in a 56MHz channel bandwidth.
With m-QAM modulation, log2(m) bits
may be coded onto each symbol. Thus,

L1 Microwave frequency bands recommended for fixed services by ITU-R and

CEPT/ECC'

InFigure 1,

the blue bars
indicate
frequency bands
used today, while
red indicates
frequency bands

thatare available,

but currently not
widely used for
point-to-point
microwave links.
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using a 56MHz channel and 1024QAM
modulation — 10 bits per symbol - a
gross bit rate of 500Mbps may be trans-
mitted on a single carrier.

Receiver sensitivity is reduced by
about 3dB for every extra bit coded onto
the signal. Consequently, an increase
from 2 bits per symbol (4QAM) to 10
bits per symbol (1024QAM) results in a
loss in total system gain of at least 24dB
(see Equation 1). In practice, the reduc-
tion in system gain will be even greater
because the increased order of modu-
lation places more extensive require-
ments on the linearity of the radio, thus
limiting the transmitter output power.
Initial capacity gainisinexpensive; with
an increase from 2QAM to 4QAM, the
gross bit rate is doubled at the expense
of 3dB loss in system margin. However,
for higher-order modulation, capacity
increase comes at a high cost for sys-
tem gain. Forexample, anincrease from
512QAM to 1024QAM results in a capac-
ity increase of just 11 percent.

Adaptive modulation

Microwave links need to be designed
with a sufficient fading margin to cater
for signal deterioration caused by rain
or multipath propagation, for exam-
ple. In this way, high-priority traffic —
such as voice — can be transmitted with
maintained availability during periods
ofheavyrain. Because heavyrain condi-
tions occur infrequently, the additional
fading margin can be used to transport
data by increasing the order of modu-
lation. In the event of rain, path loss
will increase and the link will switch
to a lower-modulation format, saving
system gain and preventing the link
from being interrupted. This method

60 70 80 90

of adapting the modulation format is
referred to as adaptive modulation.

When channel attenuation is high,
traffic throughput for low-priority
services can be reduced for short
periods of time while maintaining
normal availability for high-priority
services. A link, originally designed for
4QAM, can in most cases support up to
1024QAM modulation 99 to 99.9 percent
ofthe time, while maintaining telecom-
grade availability (99.999 percent) for
high-priority services supported by the
4QAM modulation.

In practice, adaptive modulation is a
prerequisite for highly available, high-
order modulation point-to-point micro-
wave links over long hop lengths — tens
of kilometers. However, to reach Gbps
transport rates on 56MHz channels
and below, multi-carrier solutions are
needed. With wider channels, such as
112MHz and above, single-carrier solu-
tions with Gbps capacity are possible.

Radio-Iink bonding

The latest RAN technologies — HSPA-
evolved and LTE - enable higher gross
bit rates through carrier aggregation.
Microwave links for trunk (long-haul)
networks have used this capability for
a long time, and today it is also avail-
able for microwave links in the access
network. This method of transporting
trafficevenly across two or more micro-
wave carriersisreferred toasradio-link
bonding.

Radio-link bonding also supports
an efficient link-protection scheme,
where both links can be used for trans-
port. If one of the links fails, the second
radio will maintain support for high-
priority services. This is known as
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[ETGi7#1 Maximum hop length limited by path attenuation for
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#¥ 2+0 protection, as opposed to 1+1
protection, where one link is used to
transport and the other remains in
standby mode for backup purposes.
The same protection scheme could
be applied to intense-rain regions that
lack rain-tolerant channels. Capacity
can be increased by combining a low-
frequency rain-tolerant microwave link
with a high-freqency link with reduced
rain tolerance. The low-frequency link
will guarantee high-priority services
while the high-frequency link, with
reduced availability, will support lower-
priority services.

Equation

System gain = Pix- Pryin + Gantt + Ganto
where: Py is the transmitted output power;
Prun is the receiver threshold; and

Gannand Ganez are the antenna gains of
radios 1and 2, respectively.

New frequency bands

The lack of spectra supporting wide-
channel bandwidths has been iden-
tified as a potential bottleneck for
microwave backhaul. Many national
regulators have recently adopted chan-
nelplans thatallow for bandwidths of up

T T T T 1
160 170 180 190 200
System gain (dB)

to 112MHzin bands below 40GHz. These
bands were originally made available
at a time when there was limited need
for wide bandwidths, and as a result,
theyare populated mostly with narrow
channels. Since the rollout of mobile
broadband, many of the narrowest
channels have been abandoned because
theyare unsuitable for data traffic. This
has given spectrum administrators the
opportunity tore-farm these bands with
wider channels. An additional possibili-
tyis toopen new, previously unused fre-
quency bands such as the 42GHz band.

Box C details the CEPT/ECC recom-
mendation for how the 42GHz and
70/80GHz bands can deliver 112MHz
and 250MHz channel bandwidths.
Using a single 112MHz channel, at
42GHz, it is possible to reach a gross bit
rate of 1Gbps using 1024QAM modula-
tion. In the 70/80GHz band, it is possible
to aggregate neighboring channels to
create wider ones. The Ericsson PT 6010
70/80GHzradio uses four 250MHz chan-
nels (1GHz bandwidth), to support line
rates of 1GbE.

Atthe Mobile World Congress (MWC)
in Barcelona in February 2011, Ericsson
demonstrated a full-duplex 5Gbps radio

[BOX C|

New frequency
bands channel
bandwidths
CERIV/ECE
recommendation
(01)04-2010
divides the
42GHz band,
allocated from
40.5GHzto
43.5GHz, into:
12 x112MHz;

25 x56MHz;

50 x 28MHz
paired channels;
and anumber of
3.5MHz, 7MHz
and 14MHz
channels®.

The 70/80GHz
bandis allocated
from:

71-76GHz and
from

81-86GHz

with a total of 20
paired 250MHz
channels that
canalsobe
aggregated®.

using 2.5Gbaud and 4QAM modulation.

As mentioned, higher-frequency
bands (30GHz and above) are more
sensitive to rain attenuation®, which
consequently limits the maximum hop
length for these bands in comparison
with lower ones. Typical hop lengths
range from 2km to4km in most climate
zones for carrier frequencies between
30GHz and 42GHz with five-nines
(99.999 percent) availability. To achieve
the same availability, the hop length
for a 70/80GHz radio is somewhere
between 1km and 2km, with appropri-
ate hardware. Figure 2 shows calcu-
lated path-attenuated maximum hop
length versus carrier frequency and typ-
ical system gain atarainrate of 70mm/h
— representing a typical European
climate zone.

Path attenuation in Figure 2 is cal-
culated according to recommendation
ITUR P.530-13°%. The rain-attenuated
distance is greater for lower frequen-
cies. Other effects, such as multi-path
propagation and the curvature of the
earth, may become limiting factors for
hop lengths above 20km. With a typi-
cal system gain of 160-180dB, a realistic
hop length with five-nines availability
is 3km for a 42GHz link and 2km for a
70/80GHz link.

Examplel

Auser has access totwo separate
single-polarized channels between two
nodes:

# a28MHz channel at 15GHz; and

# a28MHz channel at 38GHz.

Each carrieris modulated with 1024QAM.
Individually, each 28MHz carrier may
transport agross bit rate of 250Mbps.
When aggregated, the two carriers can
transport 500Mbpsin a total bandwidth of
56MHz (28+28 MHz).

Spectrally efficientmicrowave
links

A legacy microwave link on a 28MHz
channel typically has a gross bit rate of
37Mbps, which corresponds to a spec-
tral efficiency of 1.3bps/Hz. Although
this may appear to be spectrally effi-
cient, Figure 3 shows how spectral
efficiency has increased by a factor of
301in the past 10 years. In 2000, by spec-
trally shaping the signal at the trans-
mitter, the symbol rate was increased
from ~18.5Mbaud to ~25Mbaud on a
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28MHz channel, corresponding to a
spectral efficiency of 1.8bps/Hz. Since
then, the order of modulation has been
increased continuously, with 512QAM
commercially available since mid-2010.
In addition, a rate of 1024QAM using
commercial radios has been demon-
strated in labs.

Support for higher-order modulation
is planned, but moving to higher-order
modulation increases the requirements
on theradio transmitter and receiverin
terms of linearity and phase noise. Pre-
distorting the signal at the transmit-
ter using digital signal processing can
compensate for non-linearity, and phase
noise can be reduced through careful
design of the radio and modem. Moving
from 4QAM to 1024QAM corresponds to
a fivefold increase in capacity, which in
the above example would correspond to
agross bit rate of 250Mbps (8 9bps/Hz).

Increasing the gross bit rate to Gbps
levels requires multiple carriers for
56MHz and narrower channels. The
next section includes a discussion
about two multi-carrier techniques —
polarization multiplexing and spatial
multiplexing — that enable multiple
carriers to share the same channel,
further increasing spectral efficiency.

Polarization multiplexing
Polarization multiplexingis a method for
doubling spectral efficiency on a single
channel. Thismethod hasbeen commer-
cially available for point-to-point micro-
wave links in the access network since
mid-2000. It involves two single-carrier
radios transmitting on the same frequen-
cy channel butwith orthogonal polariza-
tions (horizontal and vertical). Because
theradios share the same carrier frequen-
cy, theycanalsoshare the same antenna.
Ideally, the two polarizations are
completely isolated from each other.
However, in practice, a small portion
of the signal in one polarization will
leak into the other. This can occur due
to rotational misalignhment between
the antennas. In practice, it is difficult to
achieve betterisolation between the two
polarizations than 25dB. Certain weath-
er conditions, such as heavy rain, may
further reduce the level of isolation that
can reasonably be achieved. However,
by sharing the received signal between
the two modems, it is possible to cancel
the interfering polarization using digital

signal processing. This technique is
referred to as cross-polarization interfer-
ence cancellation (XPIC).

Example2

Auserhasaccesstoasingle 56MHz
channel betweentwonodes. Using
1024QAMand 50Mbaud, agross bit
rate of 500Mbps can be transported
percarrier —oragross bitrate of 1Gbps
using polarization multiplexing.

Line-of-sight MIMO

MIMO is a well-known technology for
increasing spectral efficiency in WiFi
and RANs. An NxN MIMO system com-
prises N transmitters and N receivers
with the potential to simultaneous-
ly transmit N independent signals. For
example, a 2x2 MIMO system contains
two transmitters and two receivers,
and can transport two independent

signals, thus doubling the link’s capac-
ity. The basic principle of MIMOis thata
signal will use different paths between
transmitters and receivers. In a 2x2
MIMO system, there are two possible
paths between one transmitter and two
receivers, as shown in Figure 4. The
interfering signal can be cancelled if
the difference in propagation between
the two paths permits the two received
signals to be orthogonal to each other
at the receiver modems”®. For a 2x2 sys-
tem, this corresponds to arelative phase
difference of 90 degrees. In convention-
alMIMO systems, the difference in path
isachieved throughreflexesin the envi-
ronment. For microwave links, it is not
possible to take advantage of objects in
the environment because these links,
by definition, are operated in LoS mode
with highly directional antennas.
In contrast, because the carrier i

#1519 Evolution of spectral efficiency for microwave links

Spectral shaping:
~1.5 x capacity
per channel

28MHz
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m-QAM modulation:
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W multiplexing (XPIC)
2 x capacity

/ED‘%%&

per channel

N x N LoS MIMO
N x capacity

\EG I I I per channel
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#¥ frequencies for microwave links
are high, it is possible to design a 2x2
MIMO channel with a phase difference
of 90 degrees between short and long
paths by spatially separating the radio
antennas. This is commonly referred
to as a LoS MIMO system. A geometric
calculation indicates that the product
of the two optimum antenna separa-
tion distances d; and d, should fulfill
Equation 2.

Equation2
d1d2 =Dc/2f

o
N

where: fisthe carrier frequency;
cisthe speedoflightinair;and
Disthehoplength.

Figure 5 shows theoretical gross bit
rates for a single microwave channel
using the methods described above.
With single-carrier radios it is possi-
ble to reach 1Gbps gross bit rates for
112MHz channels. Using dual-carrier
configurations (XPIC or LoS MIMO) it is
possible to reach Gbps throughput on
a 56MHz channel. Using quad-carrier
configurations by combining XPIC and

[E(di:T9] Gross bitrates for a single-channel microwavelink using
different channel bandwidths, levels of modulation, and carrier

multiplexing techniques

Total line rate [Gbps]
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Figure 6 shows
an experimental
outdoor LoS
MIMO setup at
Ericsson's test
sitein MoIndal,
Sweden. Shown
are four 32GHz
radios mounted
ina4x4 SS-DP
LoS MIMO
configuration.
The hop length
is1.3kmand
antennasepara-
tiondistanceis
2.5m.

LoS MIMO, itis possible to attain a Gbps
gross bit rate on a single 28MHz chan-
nel- We refer to this configuration as
4x4 spatially separated dual-polarized
(SS-DP) LoS MIMO.

As shown in Figure 5, extrapolating
the spectral efficiency of 36bps/Hz to
a 112MHz channel results in a gross
bit rate of 3.6Gbps on a single channel.
Taking it one step further and apply-
ing the same spectral efficiency to
a 70/80GHz, 250MHz or 1,000MHz
channel, we should be able to trans-
port 8.1Gbps and 32Gbps respectively.
These capacities are similar to trans-
portlevels on single channels in optical
DWDM systems — indeed these trans-
mission rates equal those achieved
in current optical metro and core
transport networks.

Demoat MWC 2011

Ericsson demonstrated 1Gbps through-
put in a 28MHz channel for the first
time at the Mobile World Congress in
Barcelona in February 2011. By combin-
ing a 2x2 LoS MIMO system with polar-
ization multiplexing, four commercial
MINI-LINK radios at 10GHz were able
to transmit four signals independent-
ly of each other. Using a single 28MHz
channel and 512QAM modulation, a
line rate corresponding to 1GbE was
demonstrated with a spectral efficien-
cy of 32.1bps/Hz. This is, to the best of
our knowledge, the highest reported
spectral efficiency achieved over a
microwave link. Increasing the order
of modulation to 1024QAM would result
in a spectral efficiency of 36bps/Hz. A
MINI-LINK system operating ata28MHz
channel bandwidth, 1024QAM modu-
lation and 46dBi antenna gain would
obtain a system gain of 160dB or high-
erfora carrier frequency below 40GHz.
As shown in Figure 2, a 160dB system
gain would - depending on the carrier
frequency used — support hop lengths
of tens of kilometers with Gbps capaci-
tylevels under 70mm/h rain conditions.
This corresponds to five-nines availabili-
tyinaEuropean climate zone and shows
that it is possible to support Gbps bit
rates across hop lengths of the order of
tens of kilometers in a 28MHz channel
with telecom-grade availability.

Summary
This article provides an overview of
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i 4x4 SS-DP LoS MIMO
outdoor setup

microwave technologies that support
the long-term capacity evolution of
mobile broadband backhaul networks.
Very high order modulation, adaptive
modulation, radio-link bonding, polar-
ization multiplexing and LoS MIMO are
technologies that enable capacities in
the order of several Gbps for microwave
backhaul using commonly available
frequency bands (6 to 40GHz). Applying
these technologies to the wider chan-
nels of the newly available 42GHz and
70/80GHz frequency bands makes it
possible to achieve backhaul capaci-
ties approaching 10Gbps and 40Gbps.
Microwave is thus truly a fiber-through-
the-air technology capable of support-
ing rapid mobile broadband deploy-
ment, and willremain an attractive and
competitive choice for backhaul. 4
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