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Foreword

From a technology used by senior business executives to make expensive telephone calls
from their chauffer driven cars, the mobile phone has grown in a little over 20 years to
become the preferred way of making a call for billions of people. It has overtaken fixed lines,
it has brought telephony to millions of people that previously had never made a call, it has
given rise to a huge global industry and it has enabled countless businesses across the globe.
It continues to grow and spread with millions of people around the world being connected
for the first time every week.   The enormous commercial success and social benefit of
mobile communications have been brought about by astonishing innovations in
communications technology and engineering.  To celebrate this success story, The Royal
Academy of Engineering and Vodafone decided to establish a series of lectures on the
subject of Mobile Telecommunications and Networks, each being given by a leading figure in
the field from industry or academia.  This monograph brings together the transcripts of the
first three lectures, given over a period of 8 months from November 2005. 

The series was opened with a lecture from one of the most eminent pioneers in the field, Dr Irwin Jacobs, CEO and
Founder of Qualcomm Inc.  Dr Jacobs’ talk takes us from when he first realised the benefits of using code division
multiple access (CDMA) for mobile communications through to his vision of the mobile phone becoming the centre of
all communications and computing.  The lecture provides a wonderful insight into a revolution in communications
technology, fuelled by people’s desire and need to be in contact, and enabled by Moore’s law.

The second lecture was given by Professor Joe McGeehan, Director of Communications research at the University of
Bristol and Managing Director of the Toshiba Laboratories in Bristol.  Professor McGeehan traced the path of innovation
in radio technology that has underpinned mobile communications, from "fossilised modulation" (FM) to multiple input,
multiple output (MIMO) transmissions, smart antennae and software defined radio – taking into account amplifier
design on the way.  The lecture brings alive his sheer delight in "wanting to achieve the impossible", and his strong
conviction of the immense value of collaboration – illustrated so well recently with the understanding of MIMO and
coding brought about by engineers and applied mathematicians working together.

MIMO, or more generally space-time coding, was also the subject of the third lecture, but in a rather different setting –
quantum computers and cellular phones.  The lecture was delivered by Professor Robert Calderbank from the
Department of Electrical Engineering at Princeton University.  Like the previous speaker, Professor Calderbank has a
distinguished research career in both academia and industry - in his case as an applied mathematician with a profound
understanding of telecommunications.  Professor Calderbank takes us through the fundamentals of radio propagation in
cellular communications and shows how interference cancellation and multi-user detection is simplified by the famous
Alamouti space-time block code.  For a mathematician, this is stepping from complex numbers to arithmetic in the
world of quaternions and Caley numbers, and from there it is just one step more to quantum systems.  Whether it is
MIMO or quantum computing – one model rules them both. 

Professor Michael Walker FREng
Research and Development Director
Vodafone Group 
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Welcome and introduction

Lord Broers FREng FRS 
The Royal Academy of Engineering

Good evening ladies and gentlemen. I am President of The Royal Academy of Engineering, and it is my great pleasure to
welcome you to this lecture, which is the first in a series of lectures that the Academy will hold on mobile
telecommunications and networks.  The lectures have been set up with the generous support of Vodafone, especially
through contacts into Vodafone with Professor Mike Walker, who I am very pleased is here today:  Mike directs R&D in
Vodafone.

All of the talks will be given by the most distinguished people in this field, and we start this evening with the most
distinguished person in this field, and they will highlight the benefits of communications, the revolution that has taken
place, and celebrate the achievements of those who have made it all happen.  We hope that this programme will
motivate the next generation of engineering leaders to greater technical excellence.  I welcome you all this evening to
this inaugural lecture, and I and the Academy are immensely proud that we have Irwin Jacobs to give it.  

As I have just said, Irwin is perhaps the most distinguished person, certainly the person who has made the most
important contributions to this field.  He has led the commercialisation of CDMA – code division multiple access
technology – and its success in the world’s fastest-growing, most advanced voice and data wireless communications
technology, which we all know is used, it says here, by tens of millions but we are into the hundreds of millions of
customers now. In China, I believe we are at between 300-400 million at the moment.

Irwin holds several CDMA patents – I thought he held them all actually! – and contributes to QUALCOMM’s extensive
portfolio of more than 3,000 issued and pending US patent applications.  More than 115 companies have licensed
CDMA for the manufacture of wireless devices and network infrastructure equipment, integrated circuits and test
equipment.  Irwin previously served as Co-founder and President, Chairman and CEO of LINKABIT Corporation, directing
its growth from a few part-time employees in 1969 to over 1,400 employees in 1985.  They first introduced Ku-band very
small aperture earth terminal commercial satellites, TDMA wireless phones and VideoCipher for satellite to home TV
system.  In 1959 to 1966, he was an Assistant, then Associate Professor of Electrical Engineering at MIT and while at MIT
he co-authored a basic textbook in digital communications entitled Principles of Communication Engineering, which
we were just talking about and I believe it is still around – that is a long life for a technical textbook.

He has a list of awards that is quite amazing and perhaps I shall just mention the fact that in 1994 he was awarded the
National Medal of Technology Award by the President of the United States, which is the highest award bestowed by the
President of the United States for extraordinary achievement in the commercialisation of technology, or the
development of human resources that fostered technology commercialisation.  I shall not go on any longer.  Dr Jacobs,
thank you very much indeed for being here and may I ask you to deliver your lecture.
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Innovations in the Commercialisation of CDMA for
Wireless Communications and Future Directions
Dr Irwin Mark Jacobs
QUALCOMM Inc.

Thank you very much.  It is indeed a great pleasure to be here and that introduction might have been a little overstated
but I do appreciate it. 

Founding strategy - innovation

QUALCOMM is my second company, as was mentioned.  I made a mistake in the sense of selling the first company and
then retired.  I managed to stay retired for three months and decided that that was not much fun, so we started
QUALCOMM.  We did not have a particular product in mind, we did not have a business plan and, if we had gone to a
venture capitalist, they would have thrown us out.  However, we knew that we wanted to try to innovate, we wanted to
try to work in digital and wireless to see if we could come up with some products that would be a little different from

what was being done at the time.  

We started with seven people, all formerly colleagues at
LINKABIT.  CDMA was mentioned in the introduction and
that will be the main topic that I shall discuss today.  The
idea for using CDMA in mobile communications arose
during a consulting contract that we had at QUALCOMM
that we received from Hughes Aircraft in perhaps the first
couple of months.  Hughes had proposed a mobile
satellite communication system to the FCC and then
asked us to review it to see if there were any technical
issues and suggest some small improvements that might
be made.  

After the second meeting with them, driving down from
Los Angeles to San Diego, which is a two-hour drive,
about an hour into the drive it suddenly occurred to me

that, if we went with CDMA, one could then take advantage of the fact that with mobile use you just have one person
speaking while listening or pausing. It would be great to be able to give up the unused satellite capacity and get it back
when they resumed speaking.  However, with most modulation systems when you give it up, it takes a while to get it
back again if it is a time slot or a frequency assignment, so, particularly in a satellite configuration, it just would not work.
With CDMA the limitation on capacity has to do with the interference generated by all the other users.  Thus if a user
stops speaking, he or she stops generating interference, so the total interference is just a result of the number of people
who are actively speaking at a time.  The reduction in interference happens instantaneously. Even allowing a little
margin to take care of the fact that the number of active speakers fluctuates – you may be a little above the average at
times – the reduction allows you to make more efficient use of the spectrum.

I came up with that idea and went back to Hughes to say that this may be something of interest.  Any time somebody
hears about CDMA in a commercial communication system, at least a few years ago, they said this does not make sense
but nobody could find a hole. They funded us to build a little model and a satellite transponder, which we tested and
CDMA seemed to be working.  However, there were only a few of us at QUALCOMM, we did not have the resources to
go ahead and develop it at the time in 1986, so we set it aside.  We had another programme, a satellite system for
providing communications over a continent for trucks.  We designed that, went into production, sold the first units
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Founding Strategy - Innovation

“If at first the idea is not absu rd, then there is no hope for it”
- Albert Einstein
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which gave us some cash flow, so in November 1988 we came back to look at CDMA in the context not of satellite but
of cellular communications.

One of the things that we discovered was that, because CDMA spread spectrum is very good at resisting interference,
not only did it have the advantage of making use of silent times but, in addition, if you had antennae with beams that
overlapped one another causing interference of the signal, CDMA being resistant to interference would allow you to
keep both antenna beams on the same frequency.  Therefore, you could reuse all the frequencies in every antenna both
for satellite but, in particular, for cell sites, providing more efficient use of the spectrum.  Once you have done that, it also
gives you the advantage of being able to hand off reliably between cell sites.  Because adjacent cell sites are on the
same frequency spectrum at the same time, we can do what we call "soft hand-off".  That is as you get close to the
second cell, you keep the first cell connected, combine the two signals for a while and, as you move closer to the
second cell, you drop the connection to the first one.  There were a number of these innovations that came up.

To step back a moment, in January 1989 the industry had a vote in the US whether to go with TDMA (time division) or
FDMA (frequency division).  This was a vote after about a year of very contested discussions.  The vote was in favour of
TDMA and that was completed in January.  By February we had enough positive results on CDMA to tell the industry
that this is something worth considering.  People both here and in Europe had looked at CDMA but, for one reason or
another, power control issues or whatever, they said it is either not going to work in a cellular context, or if it does it is
way off and may not have that much advantage.  When I spoke to some of the operators, a few of them said we are not
getting enough capacity gain from TDMA, the spectrum is limited, so at least carry this CDMA work forward.  In June we
had a meeting with a group of people from the industry, made a presentation, and nobody found a hole.  I figured that
there was perhaps a 50/50 chance we had missed something and that, as I made the presentation, someone would say
aha! – there is a problem.  That did not happen, so then we decided that we had better go to work on a demonstration
because a slide presentation was not sufficiently convincing; you had to go and build it.

November 1989 – demonstration BTS & 
"mobile phone"

We went ahead and designed a "mobile" phone and 2
cell site equipments or base stations (BTS). This was our
initial equipment.  The top box was the digital portion of
the mobile phone.  The black box on the bottom right,
Phone RF, was a cell phone from those days, which we
were able to convert to allow us to provide the phone
radio receive and transmit capability for CDMA.  Then we
had to decide whether to invite people in to see a
demonstration.  It is a little piece of history but is quite
fun thinking back to those days.  

So, in September 1989 we had to make a decision as to
whether to invite people to come in November to
witness this demonstration.  Of course, the equipment,

the hardware, was not finished and the software certainly was not finished, so there was a lot of concern among the
engineering group as to whether it was prudent to invite people to a demonstration.  However, we were worried that, if
we waited too long, TDMA would get too much of a foothold and we would not be able to convince people to use
CDMA.  So we sent out the invitations, people came, I made a presentation and was getting ready to tell them the
demonstration agenda and send them out.  I had someone wave in the back of the room to keep talking, I kept talking
for another hour or so and luckily they then waved that it was okay.  

As opposed to WCDMA, by the way, with our demonstration and later with cdmaOne and CDMA 2000, we synchronised
base stations using GPS, the global positioning satellite system.  GPS was in a very early stage of its development.  A
satellite had come over the horizon with a bug, threw the two base stations out of sync, so finding the problem and
getting the base stations back in sync  took that hour.  Everything eventually worked fine and that got us off and running.
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Phone Digital & Analog
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2005 cellphone compares favourably to 
2000 desktop

It was obvious that this demonstration was not
commercial and, in order to make CDMA commercial, one
needed to go ahead and develop integrated circuits.  So
we very quickly got into designing our own integrated
circuits to allow commercial implementation of both the
cell sites and the phone.   That launched us into the chip
business, which is our largest revenue producer at the
present time.  It is interesting to look at what has
happened since, and I often compare not even today’s
cell phone but last year’s cell phone with a desktop of five
to six years ago.  The computing power is roughly the
same, as you can see, the amount of memory RAM is
about the same.  Here the disk storage is shown as a little
less, but that now is becoming very much equal.  In

particular, the data rate connection is much higher for the mobile phone, so here we have a device that is fully equivalent
to what was a desktop not long ago, but with communication.  I shall come back to that as it is where this whole industry
is going: having capabilities that are growing and that allow us to bring in a whole range of new applications.

Enabled by Moore’s Law: from just a modem
supporting phone calls to much more

What does that?  Of course, Moore’s Law.  I was with the
President of China about three years ago, we sat next to
each other to do the informal chatting before the formal
part started, and his first question was how many more
generations did I think that Moore’s Law had to run.  I
don’t think the President of the US would have asked
that!  In any case, when we built the first cell phone that
we could say was commercial, so that we could go out
and convince people CDMA was ready as far as
commercial size, cost and power dissipation.  It took
three chips to do just the CDMA communications and
this was a simple form of CDMA at the time.

With Moore’s Law now, as you can see from this slide, the communications part on the chip is about 20% of the latest
chips that we have been doing, so 80% is available for other things, and that is with third generation as well as back to
second generation communications, including CDMA, GSM/GPRS, and now Edge on that same chip.  It includes a
couple of digital signal processors for doing, for example, global positioning system capabilities, for being able with
some other specialised hardware to do 3-D graphics, and to do camera and camcorder functions.  Now, and I shall
touch on this quickly, we fit one or two microprocessors on the same chip.  Capability for video, for camera, for very
good audio imaging all on a single chip, and that is what now allows us to have cell phones with tremendous
capabilities that are very compact, very thin these days.
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2005 Cellphone Compares Favorably to 2000 Desktop

Samsung SCH-i730 (1xEV-DO) 
• Date: June 2005
• Comm’s Processor: QCT MSM6500
• PDA Processor: Intel Bulverde
• Speed: 520 MHz
• RAM/Flash: 128 MB
• Drive/Storage: 64 MB + SD Card –

up to 2 GB
• Network Connection: 2.4Mbps peak (mobile)
• Price: $600

Intel Pentium based desktop computer
• Date: February 2000
• Processor: Pentium III

• Speed: 550 MHz
• RAM/Flash: 128 MB

• Drive/Storage: 20 GB
• Network Connection: 56kbps peak (dialup)
• Price: $2,111 with monitor
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Enabled by Moore’s Law:
From Just a Modem Supporting Phone Calls to Much More
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QCT platforms enabling mobile wireless solutions

How much capability can you put in?  I shall not ask you
to go through this entire slide but when you make these
chips now, you make them for different price categories.
So we go from a very low cost phone, which is this value
platform on the left, over to a very capable smart phone
in the sense of the convergence platform over on the
right-hand side.  At the bottom on the right-hand side,
we are now in the process of providing chips with dual
CPUs, one with gigahertz processing capability and the
other designed for particularly low power usage and
supporting much of the functionality.  Therefore, there is
a lot of computing power on chip.

As far as displays, they keep getting better and I shall
come back to that issue as well – VGA type displays.

Local communications: the phone for many people will end up being their computer, but you will need to be able
easily to attach to peripheral devices, displays, keyboards.  You can do it with a cable, better yet you can do it wireless, so
you have a variety of wireless capabilities.  

In the US, accurate position location is required for all cell phones –and GPS is the best way to achieve that – so that, if
you make an emergency call, the safety officials will know where you are.  Video is now getting to DVD quality, phone
cameras are now supporting mega-pixels with all the processing needed for a digital camera: that is being able to do
the compression, being able to do the colour balance, focus and so on.  The 3-D graphics capabilities approach those of
separate game boxes, as you can see with the numbers.  Finally, most people, rather than carrying multiple devices, will
probably use the phone for their audio device because the quality of the audio is very good supporting surround sound
and some positional indication.

New "scorpion" mobile microprocessor core

I mentioned the microprocessor.  We switched over to
using ARM processors several years ago and there is now
the ARM version 7.  We have done a design on that to
allow us to get even greater processing power, clock
speed, floating point instructions, all at low power, so you
can see the comparison.  Cortex-A8 is one of the
standard ARM versions that TI just announced that they
are going to be implementing but this Scorpion design
appears to provide significantly better capability.  With
cell phones having such powerful computing as well as
communications, they will for many people become their
computers.

By the way, the increasing capabilities of the cell phone
chip runs the R&D bills up because you are not just

doing communications, some electromagnetic theory, antenna theory and designing software for communications, but
now you have to research the cameras, the games and a whole range of applications to provide the basic capability on
phone to supporting the wide variety of new applications that users will expect.  
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HDR – focus on High Peak/Average Rate Packet Data

Part of the R&D goes to how do you get higher data rates
(HDR).  There is a programme which we started several
years ago around the time we were all arguing as to
whether we should use 5MHz or stay with 1.25MHz signal
bandwidth for CDMA 2000.  The initial feeling was that we
needed to go to a wider bandwidth to get high
performance– efficient use of the spectrum and high
burst rates.  We came up with some innovations one of
which I have just indicated in a little diagram here.  If you
are sending packets and getting feedback from the
mobile to the base station, you can tell which user at that
time has a high signal-to-noise ratio, select that user, and
send them the next packet at a much higher data rate.  So
although you need a fairness algorithm so that you do not
ignore somebody persisting in a poor situation, you can

take advantage of the fact that signal-to-interference ratio generally varies rapidly and pick the right person to send it to.

There are several tricks of that sort that allowed us to get very high burst rates, very good throughputs, so that has now
led to what we call 1X, for one times 1.25 MHz, EV for evolution, DO for data optimised, technology. This 1xEV-DO is now
going through various releases which I shall touch upon in a second.  That is on CDMA 2000.  On the WCDMA side, the
equivalent is going to HSDPA (high speed down link packet access) and then HSUPA (high speed up link packet access).
So the various CDMA standards continue to evolve.  At some point, there is one other form of CDMA that people are
working on actively, particularly in China, which is TD-SCDMA. 

Wireless roadmap – applications drive 
technology choice

We are into the third generation, the first generation
analogue, the second generation mostly focused on
voice and now the third generation is focused on
efficient voice plus data.  CDMA 2000 has gone into this
EV-DO data optimised, REV A and REV B, WCDMA we are
just getting into the initial launches of the high speed
down link packet access to give enhanced performance.
By the way, the faster you can send data, the less
expensive it is because you can handle more subscribers
with the same amount of infrastructure, the same
amount of spectrum, so it costs you less per packet, less
per subscriber as you go to higher data rates which is
very desirable to do.  HSDPA will be an enhancement on
WCDMA or UMTS as it is called, 3-GSM as it is sometimes
called, and then high speed up link packet access.  

The other interesting development that will be the next big thing for wireless devices is the ability to send video and
audio as well as software downloads to the phones.  That puts a load on the forward link, so we are looking at
techniques for including multicasting in the standard cellular forward link signal, and I shall touch on Gold and Platinum
Multicast, WCDMA and BMS.  We are also now developing a technology for using a separate frequency, for example a
UHF TV band in the 700 MHz range, to send a much less expensive number of channels that can be received by the
handset and, therefore, support video usage.  I shall come back to why that is turning out to be an interesting business.
Of course, there are then the local area technologies and moving towards higher and higher data rates, so your phone
will be able to talk to all the devices around the home.  My own belief, by the way, is that digital rights management,
e.g. signing up for rights to a movie for some time period, or to or some music or some other content, may be based in
the phone.  The licence will be downloaded to the phone, allowing access on the phone, but also, by communicating
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HDR–Focus on High Peak/Average Rate Packet Data
A Key Innovation - Multi-User Diversity

Next packet sent to user with 
highest signal to interference ratio

HDR

HSUPA1xEV-DO
Rel 0, RevA

HSDPA
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Wireless Roadmap - Applications Drive Technology Choice
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with other systems, allowing access on your home entertainment system and, when visiting, perhaps enabling access to
a friend’s system.

CDMA 2000 1xEV-DO roadmap

Let me trace through a roadmap on this EV-DO, the data
optimised technology, and I shall just touch on a few of
these points.  The original release 0 and 1.25 MHz
supported a peak data rate of roughly 2.4 Mbps to the
phone and about 153 Kbps coming back.  On average, of
course, with all the users in the network at varying
distances, one needs to look at the average rate, the
throughput, and it is turning out to be a 400-800 Kbps
on the DO technology.

We are now moving to the next revision of that, upping
the peak rate on the forward link 3.1 Mbps, so it will be a
very nice broadband service, and on the up link back from
the phone to the cell site 1.8 Mbps peak with on average a
higher throughput.  The reason for going to the higher

data rates on the link from the mobile device back, of course, is that by putting cameras on, by putting video on, you need
efficiently to support more users, higher data rates on that reverse link.

A key issue was also reducing latency: the delay that you would see between a packet being initiated and finally being
received, including all the intermediate packet network.  By bringing that way down, one is able to have a very effective
push to talk, that is have a net of people, each one pushes to set up the net and then pushes to be able to talk etc,
having a very low delay time when you make that push, better than any systems that are currently out there.  For
example, Nextel which has made a whole business out of push-to-talk is waiting to have this type of capability to be
able to go ahead and upgrade the existing system which is based on TDMA over to CDMA.

The most interesting part of it is going to VoIP (Voice over Internet Protocol).  Right now, voice is sent as packets but they
are all equally spaced on the wireless link and then go to a circuit switch.  By going to packets which have some variable
spacing between the packets, going to packet switching, you can gain efficiency using these tricks I mentioned with DO.
Therefore, if we can go to VoIP, taking advantage of the higher peak rates, the low latency, you can do away with the
circuit switch or just use it for existing traffic and switch entirely over to packet switching, including the full wireless link.  

The complication, which I shall just touch on briefly, is that with packets first of all going over the air and then through
the backbone and back perhaps over the air again, there is variability in the delay time.  So you need to buffer packets so
that you can deliver them back to a Vocoder equally spaced – occasionally you miss one.  If you make the buffer very
large so that even very long delayed packets can be buffered up and delivered at equal rate, the two-way conversation
becomes unacceptable with too much delay.  If you make it too short, you lose too many packets.  Therefore, there is a
balancing act.  The low latency is important but then you can do some smart buffering and give very good performance.
Thus it now appears that we can get both the quality levels that we currently have and a higher capacity, or for the same
capacity get a somewhat higher quality level, and have some additional capacity left over for further forward link
transmissions.  My own belief is that the next step in the industry is going over to VoIP as well as data over packet-
switches, getting rid of further deployment of circuit switches for 3G.  There are other enhancements I shall touch upon.

Mobile receive diversity improves performance 

Multiple antennae on the mobile device, for reasons of getting some diversity, improve performance.  One can do those
having one or both antennae internal to the phone, so that size is not an issue.  Many of the devices that plug into
computers now have dual antennae, and we are supporting that on chips and on the RF componentry in particular, so
that it does not add much space or cost very much money to have this dual antennae capability.  So there are a number
of phones already coming out with the dual antennae as well as plug-in cards.  That is on the phone side.
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On the cell side, one typically has the centre antenna, which is a transmit antenna, and then two receive antennae, so
there is already some receive diversity on cell sites.  However, if you go to cross-polarisation on those two receive
antennae, you will end up with four antennae as opposed to two antennae but no additional physical size.  That, again,
gives you some significant improvements, and all these are done with the existing standards; you do not have to
change the standards.  I shall give you the results of all of these in a moment.

4GV – fourth generation Vocoder

In addition, because you have more computing power in
the phone, you can go to more and more elaborate
vocoding, we call it, or changing voice to data, data back
to voice again with fewer bits per second being used.  By
the way, we typically use variable rates, so if there is a lot
of voice energy, you get more bits; if there is a little less
voice energy, you get fewer bits; if you are not talking,
zero bits.

The left axis of the graph is the MOS score indicating
how good the voice sounds: you read sentences and
people give back a response as to how good it sounds,
four being the best.  The red dot indicates the
performance of EVRC now used with CDMA2000.  At the
normal packet erasure rate of 1%, it has MOS a little

below 3.8.  The Vocoder currently used on WCDMA is the AMR variable rate Vocoder. One can select the number of bits
per second used by the vocoder and thus the capacity required and the performance achieved.  So you can increase
the quality but at the cost of achieving lower capacity.  As shown, the AMR vocoder can achieve the same MOS score as
the EVRC but at a higher bit rate and thus lower capacity.  At the same bit rate (1% erasure rate) that yields the same
capacity as the EVRC, the quality is considerably lower.

We have now developed, 4GV, the next generation or fourth generation Vocoder.  For the same capacity, or 1% erasure
rate, you get a higher quality of 3.9, which is very good, or take a 40% capacity improvement and degrade voice to a
MOS score of about 3.65.  Further, you can trade rate and quality on an instantaneous basis.  Thus, if the network is
loaded, you can degrade the quality of the voice a bit and get significant additional capacity.  So Vocoder flexibility is
now being built into both the cell sites and base stations, and it allows additional capacity as needed.

Pilot interference cancellation (PIC) 

One can go on with these various approaches to further improve performance.  With CDMA, each phone is receiving
interference from many cells. A phone can detect a pilot from a strong one, process it and then subtract it out – a so-
called interference cancellation – which gives you
another gain in performance and which might be
repeated several times. Various performance
enhancements are now being introduced taking
advantage of the increasing phone computing power.

Throughput improvements to EV-DO – 
spectral efficiency

What impact does that have?  The bars indicate average
throughputs as opposed to the peak rates.  Release 0 on
DO achieves about 850 Kbps on average per antenna.  If
you add two receive diversity, you get about a 45%
increase and by adding in an equaliser, you get another
20% increase.  Similarly, on the up link, with additional
antennae at the cell site and using Rev. A, you achieve

UK Royal Academy of Engineering

16
16

4GV – Fourth Generation Vocoder
Integrating Narrow Band, Wideband and VOIP Speech Codec Solution
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Throughput Improvements to EV-DO - Spectral Efficiency
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perhaps 170% improvement.  So operators, by making very inexpensive improvements at the cell sites, can get
additional uplink capacity and then with the right chips improving the phones increase the downlink capacity.

Growing voice capacity

The voice side is interesting as well.  This one goes back
to AMPs which was the American analogue approach,
similar to what was used here in the first generation in
Europe.  We mention this because when we came out
with CDMA, in my very first lecture I said that you are
able to get roughly 40 times the capacity that you can
with analogue.  Then we went ahead and built that trial
system I showed a picture of, but we backed off because
of practical problems in implementing early CDMA to 10-
20 times improvement.  

cdmaOne, which was the second generation CDMA, the
15x in the purple box above the upper purple box says
that we are getting about 15x capacity improvement on
average over AMPs.  Now going to the EVRC Vocoder, 1x

technology which was the next enhancement to CDMA gets you up to about 26 times, and then going to the receive
capability gets you up to about 33 times.  Then you notice on the right-hand bar, adding the interference cancellation,
the four receive antennae at the cell site because the reverse link was the limiting factor, you are approaching perhaps
50 times analogue.  We ended up over time getting a little beyond what we originally thought we would able to
achieve with the system and, again, the spectrum is very valuable. Any of these enhancements turn out to be
exceedingly useful.  Therefore, that is the direction in which we are going on the communication side.

Quality of service (QOS): packet based video telephony 

Since we are going to packets with service, we are also introducing quality of service type capabilities.  That means that
certain packets will have a high quality of service, others may have an intermediate quality of service, others low.  The
higher you are, the sooner you will get your packet transmitted, therefore there will be less time variability, less latency.
Medium – in between – and low, you are wont to wait a little while to get that packet through as you do with most
data applications.  

That is being introduced and it supports video telephony but doing it on a packet switch as opposed to currently on a
WCDMA circuit switched approach.  It is much more efficient with a much higher performance.  Thus introducing
quality of service allows you, for example, to do the video telephony, but it gives you many other advantages.  Operators
over time will probably move towards giving you almost "all you can eat" for a fixed amount of dollars.  Verizon and
Sprint are about $50 a month for almost unlimited data if you are an individual consumer.

There have been cases where people take advantage of that.  For example, they put a server in their home and they
send lots of traffic on the reverse link.  If you have quality of service, a person can buy that quality of service up to a
certain number of megabytes per month or per day.  If they go beyond that, you just reduce the quality of service and,
if the network is not busy, their packets will still get through but, if it is busy, you will not let them jam up your network.
So Quality of Service gives a lot of flexibility on the pricing schemes as well as improved technical capability.
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Growing Voice Capacity

1. "Further Capacity Improvements in CDMA Cellular Systems", QUALCOMM Inc, Roberto Padovani, Assumes 2-way Rx Div at handset and 4-
way Rx Diversity at BTS.  4GV Capacity Operating Point 2

2. QUALCOMM simulation, 4GV Capacity Operating Point 2
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The device that is always with you

Where are we going?  We are all probably at a point where
you can’t go out without having your cell phone with you,
and we all know that it is no longer just a cell phone.  We
certainly use the cameras, the quality is getting better and
eventually we shall use it for our camcorder as the quality
there is becoming much better.  There is a whole range of
other uses such as audio devices, game playing machines
etc, but we are also getting to the point where there are
medical applications, and I shall touch upon two of those.
Since you have a device that you are carrying with you
with a very good display, a large amount of computing
power, the ability to download software so it can do
different things, different applications, a connection to the
internet and the ability to attach other devices to it, this
gives you a tremendous amount of flexibility.  Therefore, it
will open up all these kinds of devices, so-called consumer
convergents to the phone.

Mobile devices shipments

Why would people bother?  You begin to look at how
many phones are being built, and these are projections
out to 2010 where the expectation is that you will be
shipping over one billion phones a year – a billion!  If you
look at any other device, and the one rising up a little is
the green line which are Smartphones but I think all
phones will be Smartphones so probably we shall not
need to distinguish that any longer, laptops and other
devices will be either flat or going down.  So the action
will be with these devices we call phones that we always
have with us.  That is why people are focusing more and
more on the phone.

Precise location enables wide variety of LBS apps

I mentioned position location before, which is a safety
issue.  With what is called assisted GPS that is built into
the phones, you can do better than a stand-alone GPS
receiver but how can that be?  If you have a cellular link
coming to the phone, you can get some very good time
and frequency information and some rough position
information, use that to integrate satellite signals longer
and, therefore, be able to pull them out even perhaps in
building.  Indeed, one can usually get a fix where we can
get a cellular signal.  Therefore, it works better than
stand-alone.

Once you have GPS in the phone because of safety
issues, there is a whole range of other possibilities,
several of which are listed here.  There was one at the
CTIA show last year that one of our developers had brought in to demonstrate, which was a blog, an ability to leave
notes that are position dependent and available for friends.  So the friend might walk into a restaurant, suddenly he or
she would be able to receive this message perhaps advising them on what to eat there.
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The Device That is Always With You
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Mobile Devices Shipments
Converged Mobile Devices are Serving the Needs for Other Portable Devices
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Precise Location Enables Wide Variety of LBS Apps
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KDDI EZ Navi Walk

The most obvious, of course, is using it for direction
finding, similar to the devices that you often find in cars
now but you can also use it while walking or in the car.
This is one from Japan and KDDI was one of the first
operators to provide this service and applications written
to download.  The interesting thing is that it is better
than the much more expensive system that you will have
in your car, as this is the price of the cell phone which is
already included, it is all on that same chip.  Why would it
be better?  You can download the latest maps over this
high data rate connection, so if there is weather
information, construction information or traffic jams,
changes in the roads, that information is always up to
date because you download the latest version of the
maps.  Therefore, it is a better use and you can then
optimise the routing.

Diverse BREW applications

I mentioned that you can have this high data rate
connection, you can download software to the phone,
you can download new applications to the phone, which
is turning into a very large business.  Our approach to
that is using some technology that we call BREW.  There
are other technologies, people use JAVA-based
instructions and some different downloading systems,
but the key is that one can securely download software
and build up a global network of developers who can
market applications to operators around the world.
BREW developers can quickly establish a very good
business at a fairly low investment cost.  So there is this
whole range of applications that are available, people are
downloading, that business is continually increasing and
is becoming a very interesting business.  

Dynamic home screen Datacasting

It turns out that with BREW you can also control many of
the basic functionalities of the phone.  In particular, you
can use your interface and download a new user
interface that either can be used on the main screen, or
on the little screen that you can see on the outside of a
flip-phone, and be able to provide different types of
information that you might want to look at or have
available. You can personalise that for your own use, so we
are moving towards user interfaces that are "customed" for
a given operator but the operator may allow additional
customisation for business users, for personal users within
their range of acceptable screens.  Thus we begin to see
these types of capabilities.  One problem here is that often
the displays go dark or, if you are in bright sunlight, they
are hard to read, so I shall return to that issue shortly.
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Diverse BREW Applications
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Korea’s KT Freetel diabetes phone: LGE + Healthpia

I mentioned putting on additional attachments and in
Korea KT Freetel is offering a phone that allows you to
make glucose measurements.  It advises you on the
screen what to do about it, you can get new software
downloaded so that you always have the most current
programme for doing this kind of capability and, if there
is a problem, not only would the phone alert you but it
would alert someone else that there is such a problem.
This is now becoming an interesting service.

CardioNet: cardiac monitoring services

We have been involved with a company that provides a
cardiac monitoring capability, so that if there is some
issue, the monitor may detect it and, again, inform you or
if it is severe inform your doctor.  Because we have a 24/7
monitoring capability for our satellite communication
system for the tracking industry, we also support these
kind of applications.  

The third screen is here and always with you 

I mentioned earlier that video downloads will be turning
into the next big development on the phone.  We often
think of the large screen, the movie screen, now more
and more the home TV screen  and now a phone screen
that is available to you wherever you might be, whenever
you might have several minutes or longer to be able to
look at video.  You may be informed that a soccer team
just scored a goal and you might want to see a replay of
that – zip, you can have that available on your phone.  

Interest in video outstrips other cell phone features

Questionnaires have been sent out to different consumer
groups asking what would be their preference, and the
darker blue here shows the preference for video.  You can
see against just about every other possibility that video
seems to be more popular, although, again, it will have to
be priced right and I shall come back to the pricing issue.
Further, where the EV-DO was first rolled out in Japan
and Korea, now it is in the US, video downloads are
turning out to be very popular.  People are willing to pay
more for this capability, so it is not just asking the
consumer groups and focus groups.  It is people paying
the money and getting these capabilities.  Therefore,
video is the next large thing.
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CardioNet: Cardiac Monitoring Service --
Enabled by QUALCOMM’s Wireless Network Management Services
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Media FLO

One of the issues with any device that has these kind of
capabilities is user interface.  I suspect there is a high
percentage of phones that have many capabilities and
certainly most users do not use most of the capabilities.
Therefore, the challenge is to make an interface that is
familiar and easy to use.  For example, for the video we
put up a screen that looks just like your home movie or
TV guide, and you can scroll down through the different
channels, get a little picture of what may be on that
channel and, therefore, have something that is very easy
to use.  I have a phone with this on it if anyone wishes to
see it.  

You may sign up for several channels and some of the
materials can be preloaded on the phone, because
memory is getting very cheap, and be immediately available.  One of the key issues, if you want to be able to use such a
capability and surf down through the channels, is that the time it takes to switch from one channel to the next has to
be short - perhaps one and a half to two seconds is the outer limit.  That is one of the things that we have been very
focused on providing.

Platinum Multicast – time slot with OFDM
modulation

Earlier, I mentioned a couple of things.  One is that one
can insert a broadcast in a time slot on this video
network for example.  You may have a number of packets
of different lengths going out of the network but you
can reserve one time slot for all cell sites in a region to
send common broadcast material and allow multiple
users to receive that.  This is what we call the Multicast
capability.  At cell edges, and I shall touch on this again,
you want to combine the signals from the different
transmitters in a soft way in order to enhance signal
noise ratio.  Because this is a one-way transmission, you
do not get a chance to re-send the package, so you want
to be able to get good performance.  To do that most
cheaply, we have gone to OFDM in that yellow-coloured
region.  So this Multicasting provides an efficient
broadcast capability on the forward link to the phone and 
a way to lower the cost of providing video.
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Integrated service across multiple networks

However, as demand increases, you want to go to higher
capacity at lower cost.  So a possibility is a standard
cellular two-way network, perhaps with this Multicast
capability, but then possibly augmented by another radio
channel.  In the US we have licensed UHF channel 55
across the entire country to provide what we call a FLO
network.  Others are using a mobile version of the digital
TV standard to support this kind of capability.  The UHF TV
channels are particularly useful because you can operate
them at very high power and, therefore, with very few
towers can support a large metropolitan area.  So the cost
of installing FLO at UHF is comparatively low. In one UHF
TV channel, you can get over 20 video, audio, and data
channels delivered to the phone. We are now working
with operators to augment the capabilities coming over
the cellular network with many additional channels that can be combined in the phone.  The delivery method is
transparent to the user and since the phone is connected to a cellular network, the service can be fully interactive.

Layered modulation

I shall just touch on this simple engineering detail here.
It is possible to code this transmission over the separate
link, this FLO link, Forward Link Only link, so that if you
are in a low signal-to-noise ratio area, you can get a
slightly degraded picture at 15 frames a second, let us
say, but if you are in a somewhat higher signal-to-noise
region, you can use more of the information coming
through and get up to 30 frames per second.  Thus by
varying the coding that is going out, a particular user can
either get an enhanced version by being able to receive
all the bits, or use some of the redundancy and get a
somewhat reduced version but that way get good
quality wherever they might be in the region.  So there is
a number of different approaches like that being used.

Diverse content distribution possibilities

Having this kind of capability allows you to have all sorts
of different services being offered by the cellular
operators to customers and, again, the movies will turn
out to be very popular, the sports news or whatever but
there are many other capabilities.  For example, the
weather and stock ticker can be on your display, so that
you always have that available.  There is work going on
with user interfaces to allow you to move between these
in a very convenient fashion.
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MEMS-based iMOD lowers display power
consumption

I mentioned earlier that one of the problems is that with
displays on digital cameras and cell phones when you
get in the sun, you cannot see anything.  Even worse
than that, you need a back light in order to be able to
see the image, so you are using up battery power any
time they are on.  So we have been working with a
company through an acquisition on a display that uses
MEMS to provide an interferometer type of display.  Since
it reflects incident light, it works best in very bright
daylight and does not need any light being shone unless
it is in a dark region.  By varying the interferometer
spacing, the colour is changed or made black.  If you
build in a little mechanical hysteresis, the spacing will not
change until an electrical signal is applied. As a result, it
uses very low power.  This, of course, supports both the TV to the phone but also displays that are always on, so if you
have the stock ticker at the time, or whatever else you want to have, it is always visible - you don’t have to press a
button to get the light to go back on again.  We believe that this will turn out to be an interesting enhancement to the
capability of the phone.

New laptop 3G CDMA wide area mobile broadband

Many of us still carry round laptops with us, and I have
been talking about CDMA 2000 and DO technology,
because it has been running about a year to two years
ahead of the WCDMA.  I have my Vodafone card to plug
in my laptop here and it has been working very well, so
wherever I wander here I get a high data rate
connection.  However, rather than plugging it in, the
next step is to have the module built in and the
antennae built into the laptops.  There are four
companies (Lenovo, Panasonic, HP and Dell) that have
now announced that they will provide this at the
beginning of the year for people who select wide area
broadband coverage built into the laptop; you do not
need the additional card.  So that is moving ahead.

3G for wireless broadband access: pilot 
project in Brazil

Looking at a few other things, there is always this issue of
digital divide, how do you get internet connections to
areas which are rural or lower income.  There has now
been use of some of the lower frequencies, 450 MHz
roughly has been used in Europe, for example, for the old
analogue transmissions which are now pretty much
dying out, while in other parts of the country it is
available.  As you know, the lower you go in frequency,
the greater range you can cover with a base station, in
the sense that the antenna is that much larger.  

This was a demonstration in Brazil, putting a number of
computers in a truck, putting a cell site that covered a
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large rural area and then allowing the bus to drive around to different schools.  These children were not only seeing
computers for the first time, but also having a high data rate connection to the internet.  There is a lot of interest by the
government there and there is work going on in a number of rural areas.  By the way, I believe that here in the UK there
will be 450 MHz being auctioned at some point soon without any technology constraints on that, so it can be used for
one of these wide area broadbands among other things.

New Orleans hurricane emergency support –
Satellite Backhaul & Cellular

Another area is emergencies.  Katrina hit cell
communications, indeed all communications went out,
including many of the land line communications, so
even if the cell site was functioning, it was hard to get
outside of the local region.  So we flew in some cell sites
and connected the backhaul via satellite terminals to
switching capabilities back in San Diego, so very far from
New Orleans.  Thus we were able quickly to provide cell
service in the region, avoid the damaged land lines and
provide a rapid communication.  Again, the whole
mobile business opens up many possibilities.  

Recognition in first 20 years

Let me finish by saying something on QUALCOMM.  We
have tried to model the company on a university
situation.  As I mentioned earlier, we have tried to
encourage innovation but how do you do that?  You
have to get good people and then give them a lot of
flexibility, not always putting out fires and getting the
next urgent job done, but providing some time for
intellectual curiosity.  We also bring in different lecturers
and, since we have a research university close by,
encourage attending lectures or taking courses.  One
result is that for seven consecutive years out of the eight
years it has been offered – I do not think we competed in
the first year – we have been selected by Fortune as one
of the 100 Best Companies to Work For.  Just after our
20th anniversary, we were listed by the Financial Times as
the 75th most valuable public company.  Therefore, all
this time, effort and innovative work has had a very
interesting and significant payoff.  Let me finish now and 
open it up to questions. 
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Question and Answer Session

Lord Broers: Thank you, Dr Jacobs, for that comprehensive and fascinating lecture, and you explained things more
clearly than I have heard them explained before.  It is a very simple subject isn’t it!  I sometimes wonder what will happen
on this earth if a few people like you disappeared with your colleagues and somebody came back and tried to figure out
what these antennae were transmitting: this would be an "unscramblable" coded piece of technology.  That was a
fascinating lecture and thank you very much in deed.  Irwin has said that he will answer questions, so it is over to you.  

Alan Burkitt (Editor – Global Telecoms Business): We must not forget that CDMA, wonderful technology though it is,
is not the dominant technology for mobile at the moment in the second generation.  Let us do a what if, which is
always fun as nobody can ever prove if you are right or wrong.  If the GSM back in the 1990s or whenever it was had
decided to do CDMA instead of what it did, what became the GSM system, how different would be the mobile eco
system of the world now in terms of number of users, coverage, cost of handsets and perhaps the facilities and features,
and the evolution to 3G?

Dr Jacobs: As some of you probably know, the work on GSM predated our work on CDMA.  The governments set up an
MOU to develop a common technology that became GSM, and the main aim was not to obtain the greatest capacity,
not to support data, but to support phones that could be used wherever you might roam country-to-country.  Using
the original analogue system, you could not move country-to-country and, therefore, that ended up being
unacceptable.  So the focus was more on the ability to roam rather than to maximise capacity.

Then as the networks and the number of subscribers began to build, first of all capacity did become a problem but that
could be solved by adding more and more cell sites.  If you add more and more cell sites, it has some quality impact
and also some cost impact.  Then it was clear that people wanted to have mobile data as well, and you can do that with
GSM, there is GPRS and there is now EDGE, but each time you do that you give up a voice channel for a given amount
of data, and it was not designed well for data in the sense that there are very long latencies.  Therefore, with GPRS – and
people may dispute this – the customer reaction was not greatly positive.  The economics were difficult and the
performance was somewhat limited.  

Although in designing GSM, several laboratories looked at the possible use of CDMA but decided that there were
inherent problems that would be difficult to solve.  Thus it was passed over and GSM was based on TDMA.  When
companies looked at how you support both data and voice in a more efficient fashion, after much discussion and
exploration, the decision at that point was to go to CDMA.  I believe that we are in the process of transitioning now
from second generation GSM/GPRS/EDGE, over to WCDMA for most of these operators.  There have been discussions in
the literature as to whether this will happen, whether it will happen rapidly, and I believe the service is getting to the
point where it is very efficient and very effective.  Handset prices, which were quite high, are rapidly coming down.  Size
is becoming very competitive with existing phones [shows phone].  This is a WCDMA phone and you have probably
seen these very small ones.  It is a similar size to the existing phones but the services you can get are much greater,
including all those I have talked about earlier.  By the way, the nice thing about these services is that they may first have
come on EV-DO because it was out there earlier, but the services are almost independent of the communication link, so
very quickly you can provide these capabilities on WCDMA and now on WCDMA with high speed down link packet
access.  My own belief is that we shall see 3G grow rapidly.  The services that are now designed for supporting data and
all these other capabilities will prove popular, and we shall see a reasonably rapid transition.

Much of this will, of course, depend on decisions by carriers, for example, as to whether they wish to price the services
to promote a rapid transition, provide some subsidy on the phones, or whether to go slowly.  In different countries that
answer will vary.  If you go to India or to Brazil, some of the GSM carriers prefer not to move to WCDMA right away, so
there it will move more slowly.  However, in other countries such as Japan, DoCoMo was the first to launch WCMA
although it was not the standard version and they have now switched over to the standard.  Vodafone KK is offering the
WCDMA service.  The company KDDI are offering the CDMA 2000 EV-DO type technology now.  There is a lot of
competition and some very rapid transitioning from second generation, which was TDMA, over to third generation.
Therefore, yes, the world would have been different if that decision were made earlier, getting back to your question,
but it was not, so we are moving ahead.
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I have used the word "transition".  One other point I would like to make is that we shall always be going through a
transition.  There are over one billion users, moving towards two billion users – I am not sure what the exact latest
numbers are – all largely on second generation on certain frequency bands.  It takes a while to transition those over to
third generation and third generation, as I noted, is already undergoing its own evolution. There are people talking about
other approaches, so we need to support evolution as well, which is where Moore’s Law gives us that great advantage.
You can include multiple modes of transmission in the phone, which the user does not need to know about.

Lord Broers: You are suggesting that you see things coming together after the split into WCDMA and CDMA 2000 and
EV-DO getting out there first – you really see beyond those and HSDPA will not be the same as EV-DO?

Dr Jacobs: It is similar technology but not in detail the same, but such that you can put both capabilities on the same
chip and the phone will sense which network it is within.  For example, with the WCDMA phones now, if you go outside
of WCDMA area, they switch technology over to GSM.

Lord Broers: But that is not really the best way to do it, is it?
Dr Jacobs: It is the only way to do it because we shall always be in transition.  In fact, with almost any technology we are
always in a transition state.  People have talked about having one standard but to have that, you also need one
frequency band – it is just not going to happen.

Lord Broers: I do not know what answer you gave Jiang Zemin when he asked you but I would probably give a more
pessimistic answer than you did about how many generations more we shall see.

Dr Jacobs: I said about three to four and that was a couple of years ago.

Peter Varnish (Director, Geopolitical Solutions): Dr Jacobs, thank you for a stunning presentation.  I fear you will
think me a bit of a Luddite because in my right pocket I have a pad and an indelible pen, and in my left pocket I have a
PDA, in my hip I have a Blackberry and in this pocket I have a phone with a camera and loads of software.  Every time I
want to use it, the software crashes and I cannot make a phone call.  Frankly, I have a mobile phone to make a phone
call but you seem to want to give me lots of other things that I do not really want.  So the reliability has gone down, the
battery power now lasts about a day and a bit and I really would love to have my old Nokia back!  Can you reassure me
that in a year’s time I shall be able to make a phone call, even if I do know where I am and I know what the temperature
the fridge is at, and I can get a Coca-Cola out of the Coke machine?

Dr Jacobs: Since you are a Luddite, I suspect that a year from now or a year and a half from now, you will stand up and
say a similar thing: you have replaced your Blackberry, you have replaced your other devices and are doing those on the
phone, but you still have not accepted video.  The capabilities are improving, software crashes but very rarely on a
phone these days.  I do not know which phone you have -

Peter Varnish: Sony Ericsson!

Dr Jacobs: Yes, but I cannot remember the last time my software crashed on me.  Indeed, there are potential problems,
you always have a connection to the internet.  As we know with personal computers where the operating systems were
not designed originally for communications, there have been all kinds of problems because of viruses and all kinds of
dreadful things that come in, and the software often crashes.  

With phones we started with a communications capability, and gradually we are building up to computing capability
and, hopefully, the operating systems that are being designed – we have certainly focused on that on BREW – have
many safeguards.  There is never a perfect way of dealing with people who want to do you harm, so as you build a
better defence they build a better offence and it keeps bouncing up.  However, we shall be in a much better situation
than we currently have on our laptop.  The software can be tested, though never perfectly, and we hope that the
chance of a crash will be low.  Indeed, it is not a problem that I even think about.  Let us see what happens when we
meet again in about a year and a half.
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Lord Broers: In the meantime, I declare my interest as a Board member of Vodafone but Vodafone has a thing called
Vodafone Simply that is designed exactly for you!  It has nice big buttons on it, it is only a phone and it always works.
Dr Jacobs:  It is not designed for members of the Academy, however, and the other thing you have to think about is
that, after we get a certain amount of grey hair, we are a little more resistant to change but those kids coming up will
use anything, so they are the ones who will probably be providing many of the customers.  

Sandy MacPherson (Managing Director, Interregnum plc): You mentioned deployment of CDMA at 450 MHz, which
is, in my opinion, a very unexploited asset.  I know that you had a crack at this through a joint venture some time ago, if
you are not still involved in it.   What do you believe is the future of deploying CDMA on that spectrum?

Dr Jacobs: Indeed, it is a underused capability and there have been a variety of reasons why it is underused.  A large
one is that, for example, here in Europe there was spectrum auctioned at the 2.1 GHz with large amounts of money
paid, and certainly you need to protect the operators that made those kind of investments.  However, the movement
now is towards allowing flexibility, so there is not only 450 but there will be the 900 and 1800 MHz re-farmed at some
point.  The approach will be to allow operators to make the decisions better than government regulatory agencies.  I
may be over-hopeful but I believe that that is the direction in which the regulators are moving here in the EU and, of
course, there is much less control in the United States as to what technology you use.  450 is already in use in several
countries such as Sweden where they are building a system, getting coverage over areas that did not have good
coverage before.  Other countries are looking at that and looking at alternative technologies, but 450 will end up being
used with DO, with VoIP so you get all the data and all the voice capabilities very efficiently, so that you can offer a very
interesting service.  Even the amount of bandwidth is very restricted, so I believe that over time that will be used.  

Ivan Atanasoff Jr (King’s College, London): The national disasters that have been happening recently have
necessitated reporters attending the location, and they have had problems with their communication systems in as
much as they have not been able to recharge them.  So they have been working on their laptop, they have had to run
down to the car, which is half under water, charge their laptop for 20 minutes to get the information back to us.  I
wonder if it is not beyond the wit of Man to convert the lid of the laptop into a solar panel?

Dr Jacobs: This issue of storing energy, battery technology, fuel cell approaches, people looking at solar, hand-cranked
– all of these in some sense are being investigated as ways of supporting, in particular, emergency applications.  One
can certainly put solar cells on and, while it may be difficult to run the laptop, you could certainly run a cell phone on
that, which is designed for very low power usage – I would imagine because I have not done the calculations.  Batteries
are getting better but it has been slow, so the main focus, as I noted earlier, on the microprocessor side is towards trying
to do more with much less energy, which is one direction.

On the radio transmission part, that requires RF energy so trying to go to more efficient amplifiers, and then CDMA itself
requires a much lower signal-to-noise ratio in order to get through, so that also allows you to get by with less energy
requirement.  Therefore, there is no single answer, there will be several different approaches.  Now with some of the
emergencies that have occurred, having some way of getting a small amount of energy – solar if the sun is out, or some
other approach such as fuel cells – will get a higher and higher sense of urgency.

Lord Broers: There was the MIT project where they were building a MEMS gas turbine generator – did you ever see
that?  You can scale down a little and you would have a gas turbine generator that would fit in a couple of square cubic
millimetres.  I imagined all these people using these things setting fire to aeroplanes.

Dr Jacobs: That is one of the worries on the fuel cell as well.

Professor Benedetto (Professor, Politechnico di Torino): QUALCOMM has recently acquired Flarion.  Can you
comment on the applicability of flash OFDM technology or a similar technology for fourth generation cellular – do you
believe in it?

Dr Jacobs: OFDMA, which is the multiple access version for the reverse link, and OFDM for the forward link type
technology, is quite interesting and there may be situations where some operators prefer to use that type of technology.
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There are some situations I have mentioned, for example, on this broadcast forward link where OFDM turns out to be a
very useful technology.  There are also cases where when one goes to very wide bandwidth transmissions to try to get very
high peak data rates.  If you have a single signal at that wide bandwidth OFDMA is a less complex solution than CDMA.  We
have our own work going on with OFDM/OFDMA and we have now submitted a standards proposal to the IEEE 802.20
Standards Committee.  The technology is quite interesting and is worth developing but right now, however, I do not see
any advantages of the proposals in the existing bandwidth.  One needs to look to the wider bandwidth for obtaining some
advantages.  There is other technology, people talk about WiMAX which is also OFDM/OFDMA type technology, and there
is a lot of work in 3GPP right now on looking at beyond 3G evolutions of these various technologies.

My own belief is that, unless you can show a significant improvement, it is very hard to displace a technology.  With
CDMA if it did not have a significant capacity improvement over TDMA, it would never have broken in.  I do not see that
advantage for OFDM/OFDMA.  It is very useful in local area situations, local area networks/personal area networks, and,
again as I mentioned, with wide bandwidth.  Let me come back to the wide bandwidth and high peak rates.
Another approach that we believe is preferable from a user and commercial sense because of this issue with transitions is
what we call the multi-carrier flexible bandwidth approach, where you get the wide bandwidth by having multiple CDMA
carriers – by the way, OFDM has many more multiple carriers – and for the high peak rates distributing it over the
multiple carriers.  If you have an older phone, and we are always in transition, you can use only one of the carriers and
therefore be fully backward compatible.  By doing that, you are only increasing complexity linearly with bandwidth which
is not an issue.  It is not even clear that complexity at very high data rates would cause one to go to OFDM or OFDMA.  

Another argument has to do with MIMO (multiple-input-multiple-output) antennae.  There have been some arguments
that that may be easier with OFDM or OFDMA.  I mentioned putting a couple of antennae on the cell phone, which is
now already happening, and four antennae back at the cell site. Doing that on a wide area network, you buy almost all
the capacity there is to be bought.  However, on a local area, where you tend to get very high signal-to-noise ratios
because of short distances with very little interference, there MIMO does provide capacity enhancement.  So, again, for
wide area my own belief is that CDMA has a tremendous advantage.  In the local area we will probably move to
OFDM/OFDMA and with MIMO even further, so those are the directions.  

There are many people who think – and they may be proven right, we shall see how this all comes out – that one can
get better performance by going to the OFDM/OFDMA.  We have had conversations with Flarion for a long time. They
are a very good group of people with some very good ideas, and, in some sense, it will be very good for them to now
work with our QUALCOMM people who have been working on OFDM/OFDMA.  The acquisition is still being reviewed
by the anti-trust people and we hope that it is cleared so that we are able to go ahead with that acquisition to continue
that effort.  There are some operators that have selected that technology, we shall support them and try to get more
devices out and probably even transitional devices that will work either on existing 3G or OFDM/OFDMA.
The world keeps changing and more possibilities are better than fewer but one has to be careful when transitioning to
new systems.  In the case of WCDMA, originally it was projected to be the year 2000/2001.  I made a very unpopular
projection in an interview with the Financial Times in February 2001 that it would be ’04/’05 before there were very
many users, and it turned out to be about right, because it takes a long time to develop new technology, to go out in
the field, test it, iterate the standard a few times, then develop the equipment, do interoperability testing and finally get
it out there commercially.  These things take time and cost money, so the question is whether there is a driving reason
to make that change, that is what we shall have to wait and see.

John Yeomans (Director, FirstCapital): They used to call the old MCI a law firm with a wireless antenna on top.  With
QUALCOMM you are a very successful technology company with IPR licensing, or are you an IPR licensing business with
some technology?  Strategically, how do you manage that balance?

Dr Jacobs: I had a question last night from an investor who had made some investments in IPR, asking how do you
handle this, can you just go ahead and look and sell that IPR?  The answer is no.  Intellectual property becomes stale
very quickly, so if you are not actively innovating, bringing out new developments, further increasing and improving the
capability, someone will run right by you.  So you cannot just be a licensing company.  ARM, which has been very
successful, continues to develop new technology, further enhancements.  We spend $1 billion a year on R&D, because,
as I mentioned earlier, there are a whole range of different areas that you need to cover now if you are designing the
chip that we can then sell to many manufacturers around the world.  
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There is always an issue on royalty and it has been raised recently here applying to the EU, for instance looking at the
business issue, is it a good thing, say, for various customers, operators and so on.  There are ways of looking at this but it
turns out that, by having a horizontal approach where you have technology being developed, put into chips sold to
many manufacturers along with the software, you get many more competitors.  That drives down the price of the
equipment much more, and the small additional amount in royalties that goes to support R&D ends up being a minor
factor in the whole issue of the pricing of equipment.  The main thing is competitiveness driving down the cost and
being able to share the large R&D costs among a large amount of equipment and, therefore, having a very small
amortisation per piece of equipment.  That is the direction that we have been trying to support, which I believe is a very
good one, but there are others who take issue with that.

Dr Gray (Chairman, Scipher plc): The picture you are giving us is of the very rapid increase in the amount of data
coming to my mobile phone in the form of data or video.  Let us say that that is of the order of a thousand times more
than I presently have.  At present, we are in the early days of applications for that area and they are limited, particularly
in the UK, by the cost of data through the phone.  Do you foresee the operators dropping their prices by a factor of
1000 in data coming out to the users, or do you think this is a region where the operators will have their prices to
customers go up by a thousand, which is ridiculous?

Dr Jacobs: The experience that we have right now in the US is with two nationwide operators offering almost "all you
can eat" -  there are slight constraints – for a fixed monthly amount, which is roughly $50 for an individual user, less for
corporate users.   That is higher than the price of DSL to the home but it is fully mobile, it is usable wherever you might
be.  It is certainly much less expensive than paying for a wireless or wired connection when you go to a hotel.
Therefore, it has had a very rapid uptake.  

However, the economic problem is a real one.  You are getting paid a certain amount for voice, although again voice is
almost "all you can eat" of minutes for some reasonable amount of money.  Once you get to large volumes, the data
displace a number of voice calls, which is the reason why we keep improving the efficiency, getting more bits out there,
reducing the cost per byte or kilobyte delivered so that to the operator that is getting quite low, but then
supplementing it by these ancillary channels.  With that combination, and we go through the economic arguments all
the time, we can come up with an approach where operators can do well and the subscribers are paying a price with
which they are comfortable.  Therefore, all that is evolving.

Here some of the initial pricing was based on GPRS, which is a very expensive service to deliver; a little less with EDGE;
now going to WCDMA a little less cost to the operator, although it is all new equipment so there is an amortisation
involved; now going to the HSDPA driving that cost down significantly.  Therefore, it is a continual progression and, as
prices come down, a larger and larger group of people can buy the service and the operators then end up ahead of the
game.  So each operator has to decide how it is going to do its pricing of its service but, as they have lower costs
themselves and there is competition, the direction again will be one that has already been occurring in the US of going
towards a large bundle of voice minutes and almost "all you can eat" data at a reasonable price.  We will see – well, we
won’t see, I’m sure it will happen.  

Lord Broers: I shall cut off there.  You are a bit of a mystery to me because most people who are walking
encyclopaedias, as you seem to be - and I do not know who might know more about this business than you do - do not
also have vision.  They tend to become ground down in the detail because they know it all but you seem to be able to
ride above that, and it has been a huge privilege listening to you and a great inspiration.  Thank you very much for
being here.  [applause]
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Welcome and introduction

Professor Michael Walker FREng
Vodafone Group R&D

Welcome to the second lecture in our series on Mobile Telecommunications and Networks.  You may have expected to
see Lord Broers here, and you might think that is not him, and you would be quite right.  He was unable to come here
this evening, and asked me to stand in for him – a rather difficult thing to do.   I am responsible for R&D in the Vodafone
Group.

This is the second of our lectures.  The first we had in November, and for those of you who were here, you will
remember our guest was Irwin Jacobs, one of the leading founders in mobile communications.  Tonight, we have an
equally distinguished guest, also from the west, though not as far west as Irwin!  Professor Joe McGeehan comes from
Bristol, and we are pleased he has accepted our invitation.

For those of you who don’t know Joe, he is the Director of the Centre for Communications Research at Bristol University.
He is also the Managing Director of the Toshiba Labs there.  He has spent most of his career either in universities or
industry, so he has been in both sectors.  He graduated from the University of Liverpool and then went on to work for
Plessey Research.  From there, he went back into academia, having done a good deal of work with microwaves and
silicon implementation of various microwave devices.  He went back first of all to work for Bath and, from there, he took
up his current role in Bristol in 1985.  He was awarded DEng in 2004, from the University of Liverpool where he started
his career.  In 2004, he was awarded a CBE in the Queen’s Birthday Honours.  He is also a Fellow of The Royal Academy of
Engineering.  It is a great pleasure to welcome Joe here this evening, to talk about wireless communications.  His
presentation is beautifully entitled – ‘Ideas that change the world’.  Joe is one of the people who had many of those
ideas that have helped to change the world.  Please welcome Joe.  
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Wireless Communications: 
Ideas that Change the World
Professor Joseph McGeehan CBE FREng
University of Bristol

Thank you for those kind words.  First, let me say that it is great to see so many colleagues and friends here tonight –
thank you for coming.

The series got off to a very good start with Irwin Jacobs.  In the tradition of this type of lecture, he quoted from Einstein
about looking for exciting problems, or things that are impossible to solve, because that is what you should really look
for.  In this lecture, I follow the lead of my colleague at the Toshiba Cambridge Laboratory, Professor Sir Michael Pepper.
He started his talk at the IET Mountbatten lecture by saying that ‘Reality is a merely an illusion and’ – quoting Einstein –
‘albeit a very persistent one’.

In our business of engineering, we have a slightly different perspective, which is that commercialisation is merely an
illusion, albeit a very time-consuming and costly one.  That is reality for us.

Toshiba – history of innovation

Let me say a little about Toshiba first.  They have been in the news recently, because they have just acquired from BNFL
Westinghouse Nuclear.  They have a very long history, going back 130 years – this is their 130th anniversary – and their
first product in 1875 was a spark transmitter. 

Toshiba started from two companies, the Tanaka Seizo-
sho, where ‘Sho’ means factory, and the Hakunetsu-sha,
where ‘Sha’ means a company.  They worked together for
many years and you can see that they had many firsts in
terms of innovation, including the first nuclear power
generator – and perhaps that is why they were interested
in acquiring BNFL Westinghouse Nuclear.  They also had
many other things, such as the first patents in FPGAs,
massive innovations in D-RAMs, the development of the
DVD and so on.  More recently, they have the world’s
smallest fuel cell and also the development of the cell
processor, which was done jointly with IBM and Sony –
the cost, of course, being absolutely huge.  Thus, sharing
risk is a big thing these days in R&D.

Toshiba’s global R&D structure

The lab at Bristol is part of Toshiba’s global research
network.  I usually show this slide when I am talking to
my Japanese colleagues, because I just want to reinforce
the situation – that in terms of R&D, I believe that the UK
is right at the centre of the universe, rather than to the
right or the left.  The R&D headquarters are in Kawasaki
and we have about 1600 fundamental R&D people there.  

The first lab to be set up within the global network was
the Cambridge laboratory at the Cavendish, which was

Toshiba's history of innovation

Toshiba's Global R&D structure
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CRL, and they are interested in things like quantum devices, quantum cryptography, speech technology and so on and
recently vision has been added.  Then the next lab to come along, about 10 years later, was the lab at Bristol.  We are TRL
and, together with Cambridge, we now form part of Toshiba Research Europe Limited (TREL).  Of course, we are very
interested in wireless and mobile research.

We have some business units and also the headquarters for Europe, North Africa and the Middle East here too.  More
recently, we have established labs in the States including a joint laboratory with Telcordia.  We now have a laboratory at
Tsinghua University, Beijing.  We have another software laboratory now in Bangalore.  This is quite a big enterprise but, in
addition to those 2,000 fundamental R&D people, there are a further 15,000 in the in-house companies doing R&D of a
more advanced developmental nature.  Toshiba has about 200,000 employees and spends about 10 per cent of
turnover on R&D.  Turnover at the moment is about $70 billion.

Centre for Communications Research

On the other side of the house, as Mike said, there is the Centre for Communications Research.  I have realised in my
time in industry and in academia how not to do research, rather than how to do it.  When I started my career, I saw
many people working in isolation, which just did not seem the way to go – not sharing equipment, not sharing facilities,
with barriers and walls around them. I did not believe that was the way to tackle the problems that were obviously
coming.  I did not have all the answers but I was certain that no one else had them either!  However, if you worked with
other people, then you might produce a critical mass and you might be able to get some really good work going.

We established the centre in 1987, with the University’s support, and this model has been copied by a number of places
around the world.  At present, it varies from day to day, and according to how many students we have coming and
going, but we have about 120 researchers.  We have a number of key areas – wireless coms; electromagnetics; signal
processing; networks and protocols; and photonics, including quantum information, which is a very ‘in’ thing.  We are
also working with departments like education, medicine and so on.  I will say more about that as we go along.

I shall cover a number of areas which have had particular innovations.  When I joined the University of Bath, I was
wondering what to do and, fortunately, a chap called William Gosling arrived.  William was a larger-than-life character, who
had very strong views – people either liked him or disliked him – but he certainly got me thinking about communications
and I am very grateful for that initial kick into this arena.  At that time, you could not get an EPSRC or, as it was then, SRC
research contract in the area of mobile coms.  This was not considered to be an area that was suitable for research.

Indeed, I remember going home one evening and talking to a colleague of mine who I had been helping on power
system protection.  We had been working on using some novel silicon integrated circuits in power system protection.  He
said, ‘Joe, don’t get forced into this area.  Quite simply, tonight, when we get into your car, you will turn on the radio and,
guess what, there will be music, or the news’.  He said, ‘listening to the radio in a moving car is Mobile radio!’ It just showed
at the time that the research area had got off to a very interesting start – but is that not typical of so much that goes on?
Much of what I will say here tonight will reflect what you have experienced individually.  Please forgive me if I am teaching

you to ‘suck eggs’, but I am afraid that is how it is.  You all
have experiences equivalent to what I have seen.

Just one small point: this [Joe held up the latest Toshiba
phone] was in fact the Toshiba phone for Vodafone in
Japan – the 3G phone over there.  This is sold by
Vodafone KK but let us talk about the modulation first.

A change in direction: early 1970s
In the early 1970s, I came into this field of research at the
University of Bath, having done gas dischargers semi-
conductors: silicon and galliumarsenid  – and their
application to radar, telecoms and high-speed digital
circuits.  

Toshiba handset
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The fuel crisis came along in 1974 and caused some very big concerns.  At the time, I just happened to pick up a report
by Arthur D Little, a consultant company in the States, saying that if you used mobile radio, you could reduce the overall
cost to the business operating with a fleet of vans by about 20 per cent.  It was not rocket science to work out that this
would be a problem that would be around not just then, but also into the future – and we are seeing this again.

Spectrum has also been under pressure for many years now.  We have William Webb of Ofcom here tonight, and I am
sure he would emphasise that.  Bandwidth had been reduced for particular channel allocations from about 100kHz at
the end of the Second World War to, at the start of the 1970s, about 12.5kHz VHF and 25kHz or 30kHz UHF, and it was
still being reduced.  Of course the question was, do you overcome the problem by allocating more bandwidth?  So
could one do things with modulation that would use spectrum more efficiently?  That was the challenge, really.  I do not
see life so much as being about problems, but about challenges.  

An apparent dead end

At the time, the world was very largely based on FM, through companies such as Motorola.  I always called FM ‘fossilised
modulation’, by the way!  AM, which some would call ‘antique modulation’, was around in places like the UK, because we
had the habit of doing things, which were slightly different. But AM was very interesting.
Also, the business of reducing bandwidth meant it was very unlikely that FM would continue to offer the type of quality
and the capacity demands that we needed in the future.  The solution was therefore to increase spectrum, but this was
not so easy at all, as we all know – and today we see spectrum being auctioned off.  We therefore had to look at the

business of whether we could find other ways forward in
mobile radio – which, at the time was very basic.

One of the great problems of mobile radio is that when
you have a transmitter, then from the transmitter to the
receiver, there is very rarely a direct path – you have
multipath.  This is a very over-simplified diagram.  Even
though we are transmitting a single frequency with a
constant amplitude, by the time it reaches the receiver,
there is multipath distortion of the amplitude and phase,
and this was the envelope here of a typical signal.
However, speech becomes very difficult to interpret and
data becomes almost impossible at any really good rate.
So multipath was a real nasty.

Achieving the impossible?

I thought here was a real problem, but then William Jakes’ book, Microwave Mobile Communications, came out in 1974.
On page 207, there was this famous sentence: 

"The above considerations indicate that the microwave mobile radio and deep fading, AM and SSB voice
communication channels, cannot provide the telephone quality signals, even with fast-acting AGC of any type."  

So that was ‘an impossible to resolve’ statement.  What a challenge! We can get bandwidth now, because SSB uses less
bandwidth per channel thereby increasing capacity.  Let us solve that problem and then we might get somewhere.
That was the first thing.

Solutions to multipath feeding distortion

At this point, I came up with an idea called feed forward signal regeneration.  In this slide it is shown incorporated in a
radio we did some years later for US West. This radio was completely flexible in terms of implementing through software
multiple modulation standards. The back end of the radio allowed you to do analogue or digital voice.  You could do 16-
level QAM, multilevel modulations, as well as analogue speech be it 12.5kHz FM and 25kHz FM and 36kHz FM – you
could do a whole range of things but, by using this feed forward technique, we could get rid of the multipath distortion.
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If you get rid of multipath distortion, data transmission becomes possible.  So, for the first time, we could achieve
coherent QAM data systems in the multipath environment.  This was almost certainly done in some laboratory
somewhere else, such as in government laboratories, but was never published.  I fully appreciate that that is almost
certainly what happened but, so far as I was concerned, in my domain, it was a first.

Early mobile developments

This work actually came together when a chap called Peter Toll came to see me one day.  He was the Group Managing
Director of Securicor.  He said he gathered that I was doing some interesting work on mobile radio.  I thought, ‘Well, you
are Securicor and you deliver parcels: why are you interested?’ He told me that they had all these fleets of vans and that
they would like to have radio just a little cheaper than they were at that time, but they also wanted a state of the art
radio of an AM type.  I said no at first, but then came under a little pressure and agreed to have a go.

I asked who would produce it and he told me that there
was a company he had heard of in Finland, who may
become involved.  I met them – they were called Mobira
Oy – who became Nokia.  They made equipment for the
Russian military at that time. I designed a radio and they
did the frequency synthesizer.  This was a transportable
radio and could be fitted in executive cars such as Rolls
and Jaguars, as wells as the Securicor fleet.   This was
around 1980/1 and many people say it was the best AM
system they ever had – it was a very good first step and I
found it very exciting.  That translation of work from
academia, from the lab and into a product, is extremely
stimulating.

I also learned another lesson.  I received about £2,000 for doing that work which I shared with my group – people like
Dave Burrows and Jonathan Sladen.  The photographer, I understand, was paid £3,500.  I decided that engineers sold
their work too cheaply and that I would never make that mistake again!

Amplifiers

If you want to transmit information efficiently, then you really have to use amplitude and phase together.  If you do not
believe that, take a pure fading wave form which is confined to plus or minus Doppler.  When you strip off either the
envelope or the phase, then it expands the spectrum significantly.  

The big problem therefore was, how do you amplify a signal which had variations in amplitude – how do you keep its
integrity?  That is a big problem.  This was another one of those things where people said, ‘No, you cannot solve it.’
However, I realised that a good deal of work into this type of problem was going on at that time in places like Racal 
Research.  

RF amplification for linear modulation

The problem here was that if a data signal was fed into the input of a conventional class ‘A’ power amplifier, then the
output was considerably distorted. Of course, you can see that this distortion spreads into the adjacent channel and
makes it unusable.  All you have to do therefore is to get rid of the distortion, so that is what we did.  A colleague called
Vladimir Pec did a good deal of the early work in this area. This technique was called Cartesian loop, whereby we
sampled the output, fed it back and compared with the input signal– a very simple idea – and we removed the
distortion.  That was very effective for narrowband systems, and is now available in chip form and is being used by many
mobile systems such as PETRA.

Base stations: further need for linear amplifiers

The problem remained as to how one handled the base station.  Conventionally, the many incoming signals are
combined into a ‘single’ signal after RF power amplification by means of a cavity combiner. The system is very inflexible

Early mobile developments
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and requires regular checking and calibration by experienced system engineers. I had for some time had the dream of
being able to linearly amplify any broadband signal or combination of signals fed into the input of an RF power amplifier
without the need for cavity combining with all the problems that brings. We have already discussed the difficulties of
linearly amplifying a narrowband signal with a Class A power amplifier so to achieve low distortion RF power
amplification of a signal/signals up to say 40MHz wide was a major challenge! However, if we could achieve this goal then
it would be possible to dynamically reallocate frequencies in a mobile network such that frequencies could be moved
into the London area in the daytime, when people move into London, and then move them out again at the end of the
working day. These ideas were very much the drivers for my research into broadband linearised power amplifiers.  

Broadband linearised amplifier

I was actually flying to San Francisco when I first had the
idea for feed forward amplifier configuration.  Consider
what would happen in a broadband system with four
signals being fed into the input of the amplifier you can
see the distortion coming out – about 25dB below the
peak.  This level of performance is quite good for a Class
A amplifier.  If you bought a stereo amplifier like that, you
would be very happy. Certainly, a Sugden Class A
amplifier at that time would typically cost you about
£250, which was an awful lot of money.  All we wanted
to do with mobile radio was to get rid of that distortion
by making it about 10,000 times better, but do it in a way
such that it was very cheap, relatively speaking.  We
wanted to design amplifiers that could be used in a
handset or in a base station.

So this led to a large amount of research in feed forward linearised amplifier techniques.  Even today, now, one of the
biggest things we are doing in the laboratory back at Bristol is looking at the 4G situation.  There is a huge amount of
interest, although I obviously cannot mention who we are working with because there is a good deal of sensitivity.
However, many people are now interested in the whole business of how to get very linear amplifiers but with very large
bandwidths for the forthcoming 4G and other types of system that will lead into 4G.  There are even things like the
802.11n, the next generation of Wifi, which will now have to have linear amplifiers.  It is not good enough just to back off
an amplifier, because you waste a lot of power and the battery goes down, so we are looking at how to do this efficiently.

MIMO

You might have heard of MIMO (Multiple Input Multiple Output) antenna systems.  That is rather a mouthful, but it really
comes from – or at least this is my belief – a form of smart antenna.  

MIMO: multiple input multiple output

I noticed a great deal of work going on in places like STC, STL, now Nortel.  There was some really good work going on
in frequency jamming, and in the government laboratories and elsewhere.  I just thought that we should turn that on its
head and, instead of jamming systems, why not direct energy.  I put an application into EPSRC for a grant, and I
remember being told not to be silly, and that this was a silly idea.  

Then, fortunately, I was travelling on a plane one evening, coming back with Paddy Farrell, Barry Evans and Mike Withers.
They were all on the EPSRC committee – we had been on an EPSRC visit.  I begged them just to give me half the
money, so that I could at least have a go.  Thank goodness, they did.  They gave me and the group half the money, and
we went off and built the first smart antenna system.  This then went into many European trials, and I think we can now
see them being deployed around the world.  It also led to MIMO – we had multiple antennas, and receivers, for
increasing the data flow in a given bandwidth.  It is spectrum efficient, if you can detect it, and gives better performance
and coverage.  That is becoming increasingly of interest to people and it is very challenging.  

Broadband Linearised Amplifier
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MIMO: propagation measurement and analysis

We have some really good stuff at Bristol for measuring the channels.  We never believed it was good enough just to
simulate; we always want to measure.  This is a MEDAV channel sounder and, when we got that sounder, Darren
McNamara, who is here tonight, and Mark Beach, actually converted it from a single transmitting antenna, an AC
receiving antenna, to become a true multiple input multiple output antenna system.

You can see the array here and another array there.  This is the matrix of channels.  This is transmitter channel 1 to
receiver 1, and so on, and you build up a matrix.  Of course, they all have fading information on them – the fading
channel.  All you then have to do is to code up each of those channels and then, at the receiver, decode it.  However,
therein lies the big problem.  Many years ago, coding was in some ways the Cinderella topic, believe it or not, of the
area.  In Comms conferences, it was always shoved in – I do not mean to be derogatory in any way, but it used to seem
like that.  But, goodness gracious, coding is so important now.  Certainly, the sort of work we are doing at MIMO in
Bristol is very challenging indeed and we are no longer working just as communications engineers, but we are working
with our statisticians and applied mathematicians, to be able to come up with novel solutions that help us to decode
that matrix system in a very efficient way.

MIMO: real time MIMO hardware testbed

A real example of this is something we had funded through the DTI, with one of the university innovation centres, with
some £7.62 million, and a further £5 million coming from industry.  We set up a project called OSIRIS, which started out
investigating future wireless LAN technology. The interesting point is that this is the transmitter and that is the receiver, a
physical layer and then another physical layer. The MAC – medium access control is also included.  So you see stuff
coming in, across the link – and this works in wireless mode as well.

It is a really big technical problem and it is really cross-layer.  People talk about cross-layer and doing cross-layer, but the big
thing about cross-layer is how to get people to work together?  How do you get software people, and people working at
those higher layers, to come and work with physical layer people and actually work as a team?  That is probably one of the
most difficult problems – the technology is difficult, but getting people to work  together is even more difficult.  This is now
a very good, flexible test, and it could be said to be a software-defined radio, because it could be programmed to be a
wireless LAN of some future system yet to be devised, or an 802.16 system, or it could be an LTE system.

In this programme called 3CR, and within that, the OSIRIS project, we have many people from industry working with us,
and we really do have good technology transfer and bring in the relevant skills from across the whole patch of coms.

Ray tracing for propagation prediction

This is where I started. I mentioned earlier this idea of removing distortion from a mutlipath signal but you could not
find money to do work in mobile radio and so, if I wanted to do work in mobile radio, I wrote an application to EPSRC, or
SRC, saying that I wanted to work on radio science, radio propagation.  What was different at the time – when I was at
Liverpool, I had used an IBM minicomputer to solve some problems when we had a KDF9.  Do I want to use a KDF9, or
do I use an IBM 11-30?  If you have ever used a KDF9 and a valve goes, there is no problem deciding which to use!  

I therefore started off with the idea of using computers for predicting the behaviour and coverage of radio systems.  This
slide shows the centre of Bristol – the Council House, Park Street, going up to the Wills Memorial Building.  There is the
Merchant Venturers’ building, where electrical engineering and the Comms centre is partly housed.  Here, you can see
the transmitter, and someone is actually walking down here and around and you can see the various base stations, here,
here and here, coming into play.

This video shows someone walking around Bristol with a receiver. When it first started off, it was connected to the bas
station. Then you see this base station coming in, and then you will see that base station coming in there.  That has had
a great deal of application in many organisations, but where it is really finding application now is with things like
802.11e, because people want to have coverage rapidly but they cannot afford to go out and measure everywhere.
What they want to do is to work out where the black holes are, and that is where you need ray tracing.  So, in the
relaying systems and so on, there is huge interest now.  That was based on work going back to 1974/5.
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Reduced complexity MIMO decoders

A solution to one of the problems we see today is that of reduced complexity MIMO decoders.

Reduced complexity MIMO decoders

As you increase date rate, one of the problems you have is that complexity goes through the roof.  You can use optimal
techniques to search through all the possibilities that there are out there, but it goes up and so does the power
consumption.  What you are now interested in is looking at suboptimal techniques for decoding, and that is where a great
deal of effort has gone.  At Bristol, we are doing that, using statistical techniques, coming up with this reduced complexity.  

In the decoding process, we are only considering now the most likely candidates in any particularly constellation,
because you might have to search through three, four or five billion possibilities, which just takes too long.  You could
not afford to use the whole of a very power phone and its processing just to do that, and so you have a real problem.
You therefore have to move in other directions.  There is a great deal going on here but, again, it is not something that
you can do necessarily on your own, and you really need to work with the smartest mathematicians – which is what we
are trying to do.

Further examples of innovation

These are some examples of innovation.  I am trying to get the message across – not too subtly, I suppose.  This is a
speech scrambler and that was interesting, because I remembered someone told me that you could not have
reasonable privacy with an analogue system.  I thought that could not be right.  Based on something I did called TTIB,
with colleagues, we came up with the idea of a speech scrambler with a spectrum that was separated and rolling and
operating in a random way.  Then a trial came up by the Home Office, which we entered and managed to convince GEC
Marconi to come on board.  Eventually, we won the trial and that became part of the policeman’s uniform and his
microphone.  That made some very good money for the university – it was a very small window, but the university
made about £400,000 in no time at all.  The academic staff and all the researchers had a holiday, so it was a good time.

This is another shot from the past, showing a lab full of
equipment.  This was in the very early 1990s and this was
a wide band CDMAs system of 8.2 megachips, so it was
pre-3G.  This was a Link project which we did with AT&T
Bell Labs, working with people over there in Whippany.  I
bumped into them at a conference and they said they
were quite interested in doing something in this
direction and so I said they ought to get into Europe and
we could work together.

I then contacted John Taylor at HP and asked whether he
was interested in joining this project.  I told him we
needed two people but that he had to sign all the letters
and documentation in two weeks.  This was done,
because we had worked together previously in the
States.  John Gardiner, whom I knew well, was at
Bradford, and I asked him whether he was interested in
joining in, and he said yes – and we got it going.  

That is the kit.  We had two 64Kbit microcells in the Bristol region but, unfortunately, we had to abandon it because
there was no interest – although history said something else.

This is something else we have managed to do over the years.  We have been working a great deal with Formula One
cars.  This is the BAR car, and this is a flat plate antenna that we have in the car and we use that for the telemetry system.
This can of course also be profiled into the car.  That is the sort of thing you want to do to reduce drag – lots of
interesting problems.  

WCDMA Testbed
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As I said before, the problems never go away and they just come back.  If you look at modern digital systems today, you
have a 90 nanometer linewidth going down to 65, then 45 and 32.  All the problems are going back to analogue
because, as the linewidth shrinks, you can no longer assume an infinitesimally thin line.  It has thickness and you have
coupling being close together, which means that you are into modelling IR drops and so on.  For all of you who have
semi-retired, there are many problems in the industry to which you can apply your own knowledge to solving, because
they need your help.

Further examples of innovation

This is something else we have done at Bristol.  In 1985, we started looking at how to model.  We did our bit, such that
we could solve any sort of geometry, and look at things in frequency and time.  This was a potato in a microwave oven,
and this came about because of Edwina Curry.  She said that eggs might have salmonella and microwaves might have a
cold spot, in which case you might get salmonella.  Industry therefore went around the whole of the university system
and we got the contract – we were not the cheapest, but we won the contract.

This is a simulation of a potato in a microwave oven and you can see the heating regime as well – we can build all of
that in. We are now applying those techniques to quantum wells and so on, and quantum resonators – you name it.  It
is all Maxwell at the end of the day.

Then there is something that Ralph Benjamin, a visiting professor at Bristol, has really pioneered.   This is the whole
business of breast cancer detection, once again looking at antenna arrays.  He used some of his knowledge to pinpoint
breast cancers.  This slide shows trials at Bristol, and that is now going forward to clinical trials, with a spin-off company
being formed too.  This is another idea of diversity, but these are all innovations that are coming out of the system,
although not all are recognised, of course.

Reconfigurability

Turning to the future, this is a very big discussion point.  Depending on whom you talk to, and almost the time of day, is
reconfigurability possible?  People want systems – radios – now, that are reconfigurable, dynamic and so on.  Software-
defined radio was one of the terms used and, in a way, software radio has been around for a long time.  That radio that
was built for US West was a fully duplex system and – OK – not the whole of the radio was software defined, but a good
part of it was.  The first thing we ever did at Bath was to use an Intel 29/20 chip to implement the feed forward signal
regeneration that we get with multipath, and then building in the detectors and so on.  This idea had been around for
donkeys’ years and many people here might have been involved in that sort of work.

Reconfigurability roadmap

This has now taken on some real importance.  This is a kind of reconfigurability roadmap which is now being considered.
We have the evolution of SDR.  At the moment, people use these "velcro-type" systems, where you have two radios and
glue them together, and glue the circuit boards together – that is one way of achieving a multi-mode solution.

Of course, the military have been in these things for some time and we are starting to see proprietary commercial
software-defined radios sneaking out now in various places in the States and so on, for GSM base stations and so on,
where there is not so much of a power problem.  However, eventually, through programmes in Europe like E2R, 
"End-to-End Reconfigurability" and other types of programme, we will perhaps see some standardised SDR framework
coming about.

In the UK, we also have a very dynamic regulatory authority these days – Ofcom – and they want to see the spectrum
being liberalised.  As time goes on, we want to move to a situation where some 70 per cent of the spectrum becomes
liberated.  People will then start to think about providing the best connection and the best service at any given time.  So
there is also decision-making going on in the terminal.

This starts to become very interesting because you have the operators, the manufacturers and then the consumers and
goodness knows what.  Then there is the economist who wants to make money out of spectrum and it becomes a very
interesting situation.  How on earth does one develop this thing called "reconfigurability"?  The implications are huge.
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People say to me that there is not much to do these days in wireless communications.  What?  Where have you been?
Have you read any of the recent articles about what is going on?  When you look at the problem of reconfigurability, the
processing power alone – the implications for so many things like security and so on are huge, and none of us knows.

I talk to colleagues at work who say that I am mad, and that people are mad to even think down this path, but I
disagree.  It seems to be happening and many people are trying to get there.  If people are trying to get there, and they
are spending money, then it will start to happen.

Benefits of reconfigurability

Why do they want to do reconfigurability?  They want to fix bugs once the terminal leaves the manufacturer.  People
like NTTDoCoMo now are doing things like that and they have some ideas there.  There are issues like reduced time to
market.  You can argue about all these things and whether they are true.  As I say, I have colleagues at Toshiba who will
argue both ways, and it is the same at the University.  This makes for some very interesting coffee breaks.

It can come down to the reduced licensing costs, where you only pay for the IP that you are currently using.  The idea is,
if you have a terminal, why go and use somebody else’s network if you are paying for IPR?  Perhaps you should only pay
for the IPR when you are using it.  There is a whole raft of issues.

I am talking about the near term – but where is the near term, in relation to reconfigurability?  Is it next year, or two
years off, or five years?  However, from the near term, we go to the mid-term, and again there are things like algorithm
and protocol adaption.  Having produced the terminals, you can adapt them once they have left the factory, and so on.
It is really to support this growing trend towards the liberalisation of the spectrum.

If you remember, there was work going on a long time ago, and there were suggestions such as putting spectrum
under the TV bands back in the late 1970s and early 1980s, which was fascinating.  There is very little new under the sun
but these things have come back – but now there is the technology around which will perhaps solve those problems.

Realising the hype of cognitive radio

Just to make sure that people do not get carried away with software-defined radio, we now have cognitive radio, where
the radio and the terminal will be sniffing around to see what is going on.  It will possibly be looking at the number of
users – and not just location and direction, but what networks are available, at what cost?  What services are they offering?
Also, what have other people learned about the channel conditions that they can learn as well, by communicating with
one another?  You might say that is rather crazy but, even now, within some of the defence technology centres and so on,
and within the military where, people are looking at clusters of UAVs – small, unmanned vehicles – and communicating
with each other and doing datafusion.  This is now starting to form a real thrust and theme.

One always learns, and then one feeds back to make a better decision next time.  That all takes power and processing
and that is why people like Toshiba have done things like the Cell Processor.   They have a good track record in that
regard.  If you ever bought a Sony Playstation 2 and it broke down – which it probably would not – and you took the lid
off, it is actually a Toshiba CPU, which cost about $500 million to develop.  After you have done one of those, you always
share the risk with somebody else, and that is what we have in the Playstation 3.  That has been a heck of a cost but it is
an extremely powerful processor, and we are all waiting to see what will happen when it comes out in the near future
through Sony, IBM, and Toshiba.

In conclusion

In conclusion, in this whirlwind tour through some of the things I have learned and some of the things that have taken
place – I think you will learn from history.  I am never too proud to say that there is an awful lot of information that
people do not look at.  I often say to researchers in the lab that they should not just look at the wireless books, or the
IEEE Explore, because everyone else is fishing there.  You should go and fish in Ocean.  What do I mean by Ocean?
Should they go and jump off the pier somewhere?  No, they should go and look at Ocean, the proceedings, and see
what they are doing on sonar.  Go and see what the radar people are doing and see what you can learn.  There are
many things going on there.  Try not to ignore the little things because, quite often, they are the things that become
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quite big.  You should not be easily put off by people who say things cannot be done.  If you have a belief, you really
must go for it.

The UK has a great tradition of innovation in R&D and so on.  I am very concerned that, with that tradition of innovation,
we always seem to fail at the last step.  We are rather like the relay team – we are out in front, a mile ahead of
everybody, and then we drop the baton.  When people looking at funding of research and R&D, they should really look
at what they want to achieve from the R&D, and how to ensure that they have that knowledge transfer and the
implementation.  I have just put a few things up on the slide that I have been associated with, but I would guess that
there are many people here with a large number of other things that we have lost.

Do not follow the crowd.  Certainly, when I started in mobile, FM was the thing to do and it certainly was not AM, or
AM-type systems, but thank goodness I did not follow what was being said at the time.  I have to be careful in saying
this, because I suppose that I am rather an expert in some ways, or perhaps not – but do not listen to so-called experts.
How many times do committees and experts get things wrong or say they cannot be done?  It might be a very
jaundiced view.  What you are looking for is experts who have vision and enthusiasm.  There are many experts around,
but they might be past their best or their sell-by date.  So make sure that you are talking to the right people.

Who should guide research?

There is one last thought that has always concerned me and it goes back to the whole business of communication.
Who should guide research?  This is a big problem today, whether you are in a university or in industry.  It is quite
obvious that the best person to decide what research work should be done is the person who is actually doing the
research, because they know what they are doing and they know why, so they should just get on with it.

All they have to do is to convince their boss, so the next best person is the head of department or head of group, who
knows all about the work, and he will support you.  Then, as Kenneth Mees said, of Eastman Kodak – after that, you
leave the best people and start to enter increasingly worst groups.  Let me immediately say that I am not talking about
Bristol or Toshiba here – so forget these slides.

The first thing that needs to be said about it is that they are probably wrong about half the time.  Then there is the
committee, which is wrong most of the time – and, goodness me, I have spent most of my life on university committees
and so I know.  I hope there are no Vice Chancellors here today, or heads of labs.  A committee of vice presidents or vice
chancellors – a committee of deans – are probably wrong all of the time.  I am saying that very tongue in cheek, but I
am saying that that is what will happen if people do not talk.  It has to be a good dialogue, top-down, bottom up.  It is
that business of communicating and talking to people and sharing knowledge, having a good atmosphere and good
spirit in the laboratory – not looking over your shoulder and never feeling threatened, and able to discuss ideas.  That is
what counts.

Thank you for your attention.



Wireless Communications:
Ideas that Change the World

The Royal Academy of Engineering  37

Questions and Answers

Michael Walker: Thank you for that, Joe.  Now is the time for discussion.  Are there any questions or comments from
the floor?

Ralph Benjamin (Consultant): I do not have a question but, if Joe would forgive me, I would like to add a few
supplementary points.  First, Joe made it quite clear in his talk that one of the best guides about what to do is the
challenge of being told that something cannot been done.   Joe has accepted that challenge over and over again.

One specific point is that, at the beginning, Joe mentioned the problem of multipath.  There are two effects – multipath
coming within the duration of a single digital bit, but using fading, and multipath coming from one bit to another, but
using inter-symbol interference.  The cure for the first is diversity of reception, with two or more separate antennas.  The
cure for the second is an equaliser – a fairly complex piece of adaptive signal processing.  You cannot put multiple
antennas into a small mobile terminal and, if you want to put an equaliser into each mobile, you will add a great deal of
expense and power consumption.  

Therefore, in his department in 1993, we said that the process of transmitting – the transfer function of the multipath
and what you did at the receiving end – were cumulative signal processing activities, and therefore could you do the
diversity reception and the equalisation before transmission, at the base station, benefiting all the mobiles?  That
requires having the same frequency, but in fact you can go one step further and do duplexing but also frequency
multiplex, so that all mobiles served by one base station can use one diversity antenna at the transmitter and one
equaliser at the transmitter for both up and down links.  This was successfully done. 

Joe also mentioned tumour detection.  The same technique was previously used for landmine detection.  There we
were told there are three factors under which radar detection on landmines cannot work.  One is if the mine is very
small; another is if it is plastic-cased, and the third is if the mine is flush to the surface so that you cannot distinguish the
mine echo from the surface echo.  By using the technique that we are now using for tumour detection, we have the
combination of all three of them possible.

Finally, regarding software defined cognitive systems, people talk a good deal about using them, to adapt to spectrum
usage – as long as most of the spectrum does not use that allocation, that is relatively straightforward.  If everyone does
it, it is to some extent self-defeating.

Charles Sandbank (DTI): First of all, thank you for an absolutely fascinating talk, and thank you also for not saying what
was on the tip of your tongue when you said that it was nice to see so many – and then you stopped before saying ‘old
friends’ in the room.  

Just to prove that I am one of the old ones, I was on an SRC committee in the mid-sixties. The rest of the committee,
which consisted of heavy electrical people, because we did not have anything separate for electronics – not in the
happy days when Paddy and company were there - it was more specialised and you dealt with heavy power things and
all other things.  The comment was – ‘Antennas’. Surely everything that can possibly be done with antennas has already
been done.’ However, with a fair amount of fighting and a little lobbying, we got something through and, as you know,
they did some very interesting work on corrugated feeds and things like that.

The other comment is that I had a recent example of the use of cognitive radio.  We were on a small boat, in company
with about 30 other small boats, looking for whales.  As soon as one boat spotted them, it radioed around to all the other
boats and we all congregated to see these poor old whales and we all looked at them.

My final comment is that it is a mark of a technology we have that you can now go into Dixons and buy a digital receiver,
which is a COFDM, the voice multipath, as you say.  It is reconfigurable, because it has a great deal of spare capacity and
you download software and turn it into the latest piece of equipment.  It is an example of how things have moved.
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I have one question.  You mentioned, as an aside, that you could not tell us who you were doing this work for.  How do
you cope with a situation when you stop the work that you are doing with Toshiba from leaking around, or indeed
Toshiba getting some of the pearls of wisdom that you are doing for these people that you cannot tell us about?

Joseph McGeehan: The work we are doing with amplifiers has been with a whole range of companies.  I have a
golden rule that anything that Toshiba do, I do not actually do at the university at all – I take no part.  These days,
because that is how I am, I am doing a good deal of work on things like analogue signal processing, looking at doing
work with the medics and the chemists and the biologists, looking at new ways of looking at cell behaviour.  
Going back into microwaves – how would you design for these really high frequencies?  There is so much to do and I
have many able colleagues around.  They benefit because, if Toshiba want to place work at the university, they are doing
very well.  Having said that, however, Toshiba is a European laboratory and they are working with a number of other
universities and labs around Europe.  That is how we stay really watertight.  As an academic in the UK, I find that we
have always had a great tradition of being able to firewall things.  

Most of the academics in this room are working for a whole host of companies who are competitors and what have
you, and it goes very well.  It is a very good situation and it works.  If it did not work, people would very soon find out.  I
have learned in life that, if you ever say anything and it is not right, it will soon get around and it will come back to you –
it is rather like a boomerang, really.  I have had a new lease of life now, where I can go out and do a number of other
things around the university.  At the moment, I am just putting together a very big grant in another direction and, as
Ralph said, there are many things going on at Bristol and so many opportunities.

David Brown (Arthur D Little): Thank you for a fascinating presentation.  Towards the end of it, you made a point
concerning the UK’s tradition of innovation and the tendency to fall at the last hurdle.  There is a great deal of advice
offered to government on what to do about that sort of thing.  From your experience, what do you think UK-based
European companies might do to try to shift that culture?

Joseph McGeehan: One reason why we fall – we have a lot of good organisation, with things like Mobile VCE, but
every so often we have to go out and scramble for more money.  It is a very good framework and a good structure – it
is rather like 3CR.  However, the trouble is that, as the money comes to the end, you are in that vulnerable position
where you need to carry on but you are going through a process.  Because we have done all these three year cycles, it is
usually not quite long enough to see the exploitation.  If I was in that position, I would try to work out a system whereby
you could keep these structures going.  Why build them up and fund them, and then watch them fall down?  It is only
by good chance that they go on.

Coming to industry, I have learned from Japan about the attitude towards universities and R&D.  Why are Toshiba in the
UK?  Because we have damn good universities in the UK and we have people who are doing alpha-plus-plus work.  You
have to sit down with the academics and draw up proposals which will allow you to work with them while, at the same
time, they do not abuse them in any way.  There has to be a win/win situation and that is a fundamental belief at
Toshiba.  There has to be a win/win.

Those of you within the industry, who have not heard about it, something called full economic costing (FEC) has been
introduced.  People are worried about the effect and many things have been said.  At Toshiba, however, we have found
that we are paying less if we follow the FEC model.

I read the FT when I was going to Japan in December for the budget meeting.  On the front page it said, ‘Gordon Brown
says that R&D expenditure from industry has fallen 3 per cent’.  That is a heck of a lot of money and I do not believe that
we can continue down that path.  If we do that, I believe we will be making a profit until the day we close the door.  In
other words, we are not putting anything in the larder for the future.  This is crazy.  There has to be a change of mindset
– there will be a change of mindset and how we fund research, and how we allow a structure that we have set up to
continue and do good work.  We should allow them to get technology out of companies.  That is something that we
have seen in Mobile VCE, and we have obviously seen companies coming together – people who would never work
together.  However, that is not true and they will work together.  You see it in Europe now.



Wireless Communications:
Ideas that Change the World

The Royal Academy of Engineering  39

Another point is that there will be this business of paying the appropriate rate for the job to get it done, and building up
partnerships such that there is a good element of trust and you know that you are working with people who you can
rely upon to deliver.  Academia has to realise that there are things called timescales.

Andrew Hardie (Independent Consultant): I have a couple of observations.  SDR (software defined radio)  could be
looked at, from a certain perspective, as the radio equivalent of Web 2.0 – a reconfigurable, programmable device or, in
the case of Web 2.0, an environment in which you look on software as a service which is never finished. It is permanent
beta.  SDR would be the same and it would be in a state of constant evolution and permanent beta and yet, in the
handset area, we are still back in the CPM days, with inconsistent operating environments and inconsistent ways of
interacting with the keyboard and the screen.  This is holding back the development of the killer apps which will fuel
this mobile future.  Nobody seems to be terribly interested in solving this, whilst the handset manufacturers are still busy
competing on cosmetics.

Joseph McGeehan: You said something interesting.  The whole business of functionality on handsets is an interesting
question.  I read an article in one of the papers which said that the great problem with all the European markets or the
UK market was that some of the Japanese handsets were functionally too complicated and we are not capable of
operating them.  

What companies like Toshiba are doing – and this probably goes across the board to people like Panasonic, because I
know the Japanese situation, if you look at the laboratories, they are showing a lot of stuff about speech recognition
and all that sort of thing.  They are taking on board the situation of what is going on with the interface.  They are really
trying to get over the problem that you have to remember what keystrokes to use and so on.  It is a nuisance.  

Today, I do not have my Toshiba phone with me because the battery was not charged because I have been away for a
few days, and so I have this Sony Ericsson one at the moment and it is murder, going between the different softwares.  I
love my Nokia Communicator – which was a great business idea – and I like the software in that.  We have to get over
the situation where folk – anybody - can use a phone and access its functions and functionality.

Andrew Hardie: I was not only talking about the user ergonomics, but I was also talking about the environment from
the point of view of the applications development.

Joseph McGeehan: Yes, absolutely – it goes way beyond, I completely agree.

Michael Walker: You have to read the manual to drive these phones.

Joseph McGeehan: Yes, you do.  But, of course, I am impatient and so I just get the basics and then I start to struggle.
There are many people around who are much better than I am at doing these things.

Chris Guy (University of Reading): It is arguable now that the technology has outstripped the service in mobile
Comms.  The need for the service that we wanted – we were developing, or rather you were developing the technology
to do that.  It is now arguable that the technology is there, but we do not have the need for a new service.  People, by
and large, do not want videophones and so on.  What do you see as the next step in the service?  What is the next killer
application?

Joseph McGeehan: The first thing I should say is that I do not believe in killer applications.  There are many
applications for radio.  Also, when we started the wideband CDMA work off all those years ago in the late 1980s/early
1990s, I remember going to the Link Committee.  Fortunately, there was a guy on that committee called Mike Ashdown,
who some of you might remember.  He was technical director of Technophone, which became part of Nokia, and he
was the only supporter.  People said, ‘Don’t tell me – you’re going to drive a car, and you’re going to have a TV picture.
Why on earth does one want that data?’, and so on.

There are many applications.  I am a Liverpool fan – and when I agreed to this date I did not realise that they are playing
Benfica tonight, but I will soon find out the result because I have my phone here.  I will be able to look at that, thanks to
Vodafone.
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Chris Guy: But that application will use one per cent of the technology that you have.  What will use 100 per cent of it?

Joseph McGeehan: It is the whole diversity.  I do not know where mobile terminals will end up and what will be a
terminal.  It will be very, very different from what it is now.  One has the whole world of robotics coming along and all their
information systems.   I do not believe in any one particular application but at least mobile phones are adaptable and
broad enough in their application to take on, on a common platform, a whole range of services.  However, certainly those
who are operators might care to comment on that.  I do not think we design a phone today for a single market, usually.

Question: I would like to respond to the previous questioner.  Videophones have been in use on television news for 40
years, very successfully.  They typically feature broadband, full size images, so that you look at a full size human head
and, critically, they offer eye-to-eye contact.  If everybody had those sorts of videophones, we would have a completely
different world in which the car and the aeroplane would have a far inferior place.  Perhaps it is the simple things like full
screen, full motion, high definition and eye contact that we are really looking for.

Joseph McGeehan:  The Japanese companies are certainly looking that way.  We are doing something now at Bristol.  It
will be useful for spectator sports.  If you went to see a formula one race – I went to Monza once and I wanted to see
Hill tearing around the place against Schumacher but, unfortunately, he went past so fast that someone said, ‘I think that
was Hill’.

For the experience of seeing what goes on in the pits and what happens on the track, and with so many sports like this,
you really want a mobile terminal that offers real-time video streaming, offering multiple picture reception so that you
can see and keep up and just improve the whole experience.  That is the sort of thing we should be doing, and that is
all coming.  

Further more, if you then go into the security area and look at the possibilities there now for bringing together video
image systems and wireless, they are huge.

Michael Walker: You referred to your earlier days when you had this question in your mind about FM and AM.  If you
were slightly younger –

Joseph McGeehan: I was always grey, by the way!

Michael Walker: If you were facing the same questions today, what sort of things would you put on the table now?  If
you had A or B, would you say that the world was running with A, but you would prefer to look at B?

Joseph McGeehan: In what is going on now? At the moment, of course, there is a great deal going on in conventional
modulation systems but the sort of things I would like to start to look at are the chaotic systems, to see what
opportunities lie in that area.  I do not know why, but I have spent most of my life doing linear things.  The idea of doing
things that are non-linear would be very attractive and quite broadening.  There is a great deal of work going on in
CDMA and OFDM-type systems of all types.  The big problem now is to get people together.  It is not just the
technology problems any longer, but it is actually a question of how to organise people of different technical cultures to
come together to form a unit to deliver things which really are world leading.  That is a very big problem.

If you take that MIMO testbed for a wireless LAN, and you consider that you have a MAC layer talking to the physical
layer, and vice versa, then that would be very interesting.  That is where the real challenges are now and they cannot be
under-estimated.  There are still too many silos around and they are alive and kicking.  If you drag some people out of
silos, they go and dig themselves back in as soon as they can – as soon as you turn your back, they are back in.

Keith Thrower: Would you like to comment on the issue of spectrum efficiency?  Clearly, spectrum multiplied by time
equals money.  One of the most important things of all is to try to have a much improved spectrum efficiency.  What is
happening at present to improve on that?
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Joseph McGeehan: That is a good question, Keith.  Today, everyone in the business is only too aware of spectrum
pricing and so on.  The interesting point is that, I remember when I was advisor to the first DTI Defence Spectrum
Review Committee, saying that perhaps we should charge for spectrum, there was an interesting reaction.

The spectrum question really came down a few years ago to looking at the modulation techniques, but people are now
looking at the whole business, the whole system, to see how we can have the maximum number of users, capacity and
best coverage and so on.  The business of spectrum efficiency has changed slightly but, nonetheless, that is always
something that you now have to satisfy.  Researchers have got that covered in the work they are doing with the CDMA
systems.

Charles Sandbank: If I could just comment on that, what goes hand in hand with spectrum efficiency is of course
more efficient means of coding.  We have gone from MPEG2 to MPEG4 and we have much better voice coding and so
on.  That has probably made the biggest contribution, especially in the last 10 years.

Joseph McGeehan: If you look at the quality of the codecs – if one looks at the work going on to get robust codecs
over a fading channel, there is a great deal of work being done there now.  There is some very good work being done in
universities and that is one of the challenges of the Visualise project.  It is now coming in from this whole system
perspective – it is a modulation system, but coding systems and so on, wherever it be.

Ralph Benjamin: One comment I meant to make has already been made by the gentlemen there which is that, if you
specifically emit voice transmission, then good quick word coding can result in a very big reduction in bandwidth.

Another point concerns software-defined ratio.  One gentleman has suggested that, at any one time, any user may use
only one or two per cent of the potential functionality.  As long as different users may want to use a different two per
cent, and the next generation in a couple of years’ time will use different parts again, I do not regard this as necessarily a
disadvantage.

Chris Haynes (Vodafone UK): I have to confess that I work for Mike.  

I just wanted to comment on the efficient use of spectrum because one of the most significant things I have seen recently
was surveys that were done of how we are using radio spectrum today.  This was done by driving around the country with
spectrum analysers and recorders and looking to see where significant signal levels were received.  The point of note was
that the only parts of spectrum that were heavily used were those that are licensed to the cellular operators.  By and large,
as you looked up and down the band, there was a very low percentage of usage of other parts of the spectrum.
Discussions on cognitive radio, spectrum trading and all sorts of things could free up more spectrum in the future.

That is not to say that it is not important that we look at channel coding and more compression, but there are other
issues to be addressed too if we want to see this scarce resource used efficiently.

Joseph McGeehan: That is very interesting.  We did some work with the regulatory authority many years ago and we
tried to use allocated channels.  They were being used quite illegally at the time, which was an interesting situation – we
had to get people off the channel.

Another point, to which Charles referred, was the whole business of sometimes drawing a line under something.  Some
years ago, there was a meeting at RAL, chaired by Les Barclay, looking at the whole business of propagation
measurement.  This was in the mid-eighties and the view coming forward was that propagation had come to the end of
the road and there was no need to do things.  This was the great danger all the time – with people were saying that
there was no need for this or that, or that they had enough there.  You then find out, shortly afterwards, that perhaps
you have not done enough.  So there are still many challenges.

Sreebhusan Ghosh (A T Consultancy): I am a civil and structural engineer and so I do not understand many of the
things you have been talking about.  However, the subject is quite key to us because the impact of this high technology
in civil engineering projects  is enormous.



42 The Royal Academy of Engineering

I recently read an article in the Economist about cells.  You mentioned the joint project with Toshiba, Sony and IBM,
where the chip is almost the size of the cell and almost behaves as though it were a biological cell.  My particular
interest is in the application in biotechnology:  the wife of one of my friend has had an ear transplant to improve her
hearing.  In the research work that you are performing, do you see a greater application of this technology in that field?

Joseph McGeehan: Yes.  One of the things we are looking at at the moment is working with people in ophthalmology
departments, and that is growing retinas for transplant.  There is a whole pile of things coming up, which will be very
interesting.  We were talking about applications before and there are many things to do there – lots of techniques that
we have learned; radio can be used; analogue signal processing things; low power consumption; small chip area, and a
lower number of transistors.

Then, moving on to other things like composites having a particular bad habit of failing – and I do not need to tell you
that as a structural engineer – and failing without too much warning.  Now, people like Airbus are looking at putting
sensors into composites.  Something that worries me, and I have discussed this with Mike and others, is that a little
learning can be a dangerous thing.  I worry today about the mentality that says, ‘of course, if you want wireless, you go
and buy it from Dixons.’ You can do that for an application but the danger then arises when you go to these other more
complicated problems, and you still need the wireless experts there.  That is not just a plea for more work for myself and
my colleagues but it really does matter, because we are trying to understand ad hoc networks.  We are trying to
understand how they communicate and share information and so on, and yet there is a big danger now of people
going out and seeing wireless and saying, ‘It has all been done and I can use it.’

I am sometimes rather concerned by those trends that are happening and they need to be arrested because, although
there are masses of applications, the problems are still there.  I shall be flying on Thursday morning, and I think there are
some composites in the rudder there.  I tell my students that I do not mind the aerospace people doing that, and the
avionics and so on, but I hope that the communications have actually been done by a communications person in the
industry, with good training and knowledge.  It does matter, and I will feel happier on the plane.

Your point is a valid one.  Great things will happen there now.

Sreebhusan Ghosh: In structural engineering, we follow old-Newtonian laws with so many factors of safety.

Lajos Hanzo (University of Southampton): It has been fascinating, integrating the various comments and questions
asked by the audience.

First of all, coming back to the killer applications, I feel that the wireless internet, when it properly gets going, will be a
very demanding application and we may end up with a "worldwide wave" type scenario, just to reflect the www.
paradigm.

That also prompts a couple of other interesting problems referring to Professor Benjamin’s comments concerning, for
example, voice compression.  He suggest we solve the compression problem by using more efficient voice codecs,
which then of course becomes more vulnerable to transmission errors.  However, we then look at the wireless internet
and ask whether we can transmit voice also as IP packets.  Of course, if the whole world is going down that avenue at
this very moment, I would not embarrass Mike by asking this question whether Vodafone is dedicated to it.  However,
we had some wonderful panel discussion on this rather controversial topic at the IW3G conference in November, where
William was one of the keynote speakers.  It was on the very day when we had the lecture by Irwin Jacobs here, and no
consensus emerged from this panel discussion, which was extremely well concocted in a way, because there was a
whole spectrum of views.

We ended up with this dilemma still up in the air, that we compress the voice and use, for example, a G729 speech
codec, which has a complexity of 20Mhz, and therefore enormous power consumption.  Then we slapped on that 200
per cent IP header on that package and, by the same token, we lost all those gains from which we were benefiting in
terms of voice compression.  Thus, in the first place, we could have saved all the energy and effort and just used a
simple voice codec, because we would waste and squander all the bandwidth efficiency.
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There are many related dilemmas and problems for this community to ponder and come back to the initial question on
the killer applications.  There is no doubt that the wireless internet is on its way, but it has its own problems.  It has many
coding problems, fountain coding and all other solutions, rather than ending up with a substandard solution like
wireless IP.

Joseph McGeehan: Thank you for saying that, and Vodafone led the way here, but who actually foresaw texting as
being the killer application that it was?  It is so obvious, but nobody saw it – except some engineers at Vodafone.

Lady Butterworth (Foundation for Science and Technology): Do you have enough young people coming through
from schools and colleges, to carry on your good work?

Joseph McGeehan: That is interesting.  It is a problem.  The folk here know the figures better than I do but I remember
that when I was looking at the EFCE [pronounced ‘F’ key] figures some time ago, the number of applications into
electrical engineering and electronics have been falling by about 10 to 15 per cent per year.  That has been
compounded and one asks how long this can continue.

It is an interesting situation.  One could take a selfish stance and say that, at Bristol, we have expanded the faculty and
we went from perhaps 260 people coming in when I was Dean in 1998, to just under 400 by the time I finished as Dean.
However, we are in a very fortunate situation but nationally it is not good.  All of the academics here, and much of the
industry – we all try to get into schools.  I have done a good deal of work in schools as a governor and I have also
helped schools in competitions.  I have turned up to evenings where the head has been talking and the parents have
been banging the table, saying that they did not want their daughter or son to do the three sciences, but they wanted
them to have a proper professional position in accountancy, law or medicine.  That is the situation – and they do not
want the sciences.  

That spirals down, and that is the social stigma of engineering and so on.  We have fewer people then coming forward to
teach physics with enthusiasm.  To me, it is a fantastic topic if you teach it enthusiastically.  I do not accept the notion that
you cannot do these things with enthusiasm and yet it is what most youngsters see.  I know my eldest daughter thought
that, and my youngest daughter said that physics was so boring and asked why they were doing it.  That is the sort of
situation we have to overcome.  We are not badly paid as engineers at all and it is a fantastic opportunity, but it is a matter
of conveying that message in the schools where it really matters.  Perhaps we will have our second wind soon.  I hope so.

Sir William Barlow (Past President, The Royal Academy of Engineering): I cam this afternoon to try to learn a little
about what is going on and what will be the future, and determined not to say a word.  However, I cannot resist some
reflections on one or two issues that you might tackle.

I was managing director of English Electric Computers when they made the KDF9.  Later, when I took over the Post
Office, which then included British Telecom, one of the first things I did in 1977 – previously, just before that, I had been
in Chicago for some reason and I had come across the cellphone.  I was already a user of a mobile telephone in the car,
so I went very early on to the Department of Trade and said that we would like to get cracking on this whole, very
exciting prospect.  I was turned down flat by the government then and on many occasions during the time I was there,
who said there was no spectrum available and that the military needed everything that was going.  That just delayed
proceedings, I forget for how many years.

Much of your talk today has been about how to get use out of what spectrum there is by compression by so on, and
you mentioned dropping the baton at the last moment.  Much of that is due to the financial structure of our
companies.  Increasingly, engineering companies in this country cease to be run any longer by engineers.  I remember
the head of Sony coming to give a talk here at the Academy one night, saying he did not know why we let these
companies be run by chartered accountants, whose job it is to add up figures.  He put his finger on a very sensitive
issue because that type of management very often wants short-term results.  Nowadays, we get into a worse situation
where there are speculators running companies – buying them, running them for five years and selling out again, and
that is worse than investors who want a quick return.  That is a stage worse, and this is a very serious matter.
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You are here today and, fortunately for you, you are associated with Toshiba, but the same would apply for Fujitsu and
the other Japanese companies.  They have consistently been prepared to take a long-term view and, when their
government saw the great future in computers and telephony, wireless telephony and so on, they gave everybody
encouragement.  That is one of the reasons why we are in the position we are in – not that anybody in this room can do
anything about it.

Another feature in this country – and I can only talk about the near consumer things and I cannot talk about the military
like Professor Benjamin could have done, or about the government’s use of electronics – is that there is a very slow take-
up.  It is surprising how long it takes.  I was a founder director of Vodafone and I remember the trouble we had getting
people to accept that the mobile phone was socially acceptable – never mind about the stupid Chancellor of the
Exchequer at the time, Norman Lamont, who decried anyone who used a mobile telephone.  They have had that
attitude problem, which is very difficult.

Just reflecting on that, there are some issues to which you might turn your minds.  Why on earth do we still have to
suffer with poor coverage?  On my way home tonight, I shall want to ring my wife to say that I shall not be as late as I
thought I might be, but I will have to choose where I use the phone.  It is appalling, that we are still in that situation.  

So when wireless enthusiasts think of everything being done in terms of wireless, you have the big problem that they
are not sufficiently reliable for universal usage, whereas the wired network – if I may say so – is pretty ubiquitous. If only
it were full fibreoptic, it would be absolutely wonderful.  It is a very real thing.  Where I live, I wanted to have a wireless
link for my computer, but I have not been able to have one because it is line of sight and there is nothing I can obtain
that is reliable.  This is still an issue which you might try to tackle.

Another point you touched on is this tedious software on mobile phones.  It is the absolute limit that we have to go
through that.

However, I am sure that with your enthusiasm, and with all these young people tackling these problems, things will
improve.  You have certainly been a breath of fresh air today, coming to talk to us here as you have done. Thank you very
much.

Joseph McGeehan: It is a great pleasure, thank you.  Could I say that your comments about Japan and engineering are
quite correct.  My colleagues at Toshiba – Ruth Wallace, and so on, who are here – are a very small admin team actually
supporting the research, and it is a team, with everybody supporting the research.  The interesting thing is that the
people we see that are actually board members – and we see them often, are engineers.

Michael Walker: On that note, let me thank the audience for a very stimulating conversation, and to Joe for 
stimulating that.
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Welcome and introduction

Lord Broers FREng FRS 
The Royal Academy of Engineering

Welcome to The Royal Academy of Engineering.  This is the third lecture in a series of three that we have had on
communications.  This has been put together by the Academy in collaboration with Vodafone represented by Professor
Mike Walker.  He tells me that the three lectures are going to be collated into a single publication, and that he intends
that Vodafone go on sponsoring more lectures starting next year.

Needless to say, this subject of communications is of central importance, way outside of the immediate area of
communications.  It is a subject that always draws a great deal of interest, a good audience, and some simply
outstanding speakers.  We have a Steering Committee for this series of lectures and events.  Professor John Midwinter is
a member of that Committee, and I am going to hand over to him now to introduce our distinguished speaker, and to
chair the lecture and the questions afterwards.

Professor John Midwinter OBE FREng FRS

Thank you, Alec.  Again, welcome everybody.  I am not sure that Robert Calderbank needs any great introduction, apart
from which you have a short CV for him in your pack.  Robert is Professor of Electrical Engineering and Mathematics and
Applied and Computational Mathematics in Princeton at the present moment, but he has had a long career with AT&T
labs before that.  What your brochure does not tell you is that he did his first degree at Warwick and his MSc at Oxford
before heading off to Caltech to do his doctorate.  At that point, he was seduced by the American way of life and he
stayed there.

It is a great delight to have you here tonight, Robert.  Thank you for coming across the Atlantic to speak to us.  Robert is
going to address us on the subject of Quantum Computers and Cellular Phones.
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Quantum Computers and Cellular Phones
Professor Robert Calderbank
Princeton University

Today I am going to talk about Quantum Computing and Cellular Phones.  The talk is organised into modules with the
idea that there should be more than one place to connect with the lecture. If you are an expert in an area like wireless
and you get bored, or if you are not an expert and you get lost, hopefully you will be able to reconnect later on as we
try and bring the subjects together.

Wireless Channels

What I aim to do in the first few slides is to give you some intuition about wireless.  You are here, sitting in your car and
the base station is trying to communicate with you.  The base station puts out a certain amount of power, and in the car
you experience a certain error probability.  There is a basic trade-off between power at the base station and error
probability at your phone.

I am going to talk about coding, which you can think of as clever signal processing.  If we are really clever at the base
station we might be able to give you the same probability of error with half the power.  The coding gain is the ratio of
the baseline power to the clever power, and we express it in dB by taking 10log10 of the ratio. Maintaining the same
error probability with half the power is a 3dB coding gain. 

I would like to start by making a comparison between
wireless and other areas where coding is important. For
example, we all know that Reed-Solomon codes are in
every compact disk and many other consumer devices.
Reed-Solomon coding is a very mature subject, and if
you were to think really hard and come up with a new
code that gave you the same error performance with
twice as many code words, you would be able to record
an extra bit of information.  When you work out the gain
at a system level, the answer is about two-tenths of a dB.

In wireless, the coding and signal processing schemes
that I am going to talk about are worth 3 to 10 dB, in part
because wireless is much less mature.  If you are a coding
theorist in the audience, and you are wondering about
where you should work, you should consider this
environment because there are bigger gains to be had.
It is also more interesting.  If you are in the compact disk world, you are sending 0s and 1s, and sometimes 1s get
changed to 0s, and 0s get changed to 1s, but that is a pretty simple error model.  

In the wireless world, there are all sorts of things that can happen and I am going to make a mathematical model to
describe the signals that are sent from a base station. I am going to represent band limited signals by a sequence of
complex numbers, and when I think about transmitting information, I am going to be thinking about transmitting
blocks of complex numbers.

Fading is what happens when the signal bounces off scatterers that are close to you. In terms of mathematics, the
complex numbers are attenuated when they bounce, that is they are multiplied by a complex number drawn from
some distribution, often taken to be Gaussian distribution – that is the Rayleigh fading model.
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Often there is more than one way for the signal to reach you.  There is a direct path and an indirect path where you
bounce off a remote dominant reflector.   What you get is a superposition of the direct sequence and the delayed
sequence and you have to make sense of the superposition.  This problem is called intersymbol interference, and the
remedy is equalisation.

The channel changes when you drive off in your car.  Also there are other folk nearby who are trying to use your
spectrum at the same time as you are using it.  All in all there is a much bigger set of impairments than in the world of
the compact disk.  At the same time, you only have the same tools that you had in the compact disk world, and those
tools are memory and redundancy.  You have to figure out how to use them.

Space-Time Fading
This is a picture of Kansas and we are performing an
experiment at the base station.  We have a single
antenna, we are moving it up and down, and at the
mobile we are keeping track of the received signal
power.  You can see that this is Kansas.  Everyone in
Kansas is line of sight to a base station, and there is no
variation in power as we move the antenna up and
down.  As a coding theorist, the only thing you can do is
to code over time.

Space-Time Fading

We are not in Kansas anymore. This is London or New
Jersey and it is much more interesting even from the
perspective of radio propagation. As we move the
antenna, we get significant variation in both space and
time.  Instead of thinking about having one antenna at
the base station that we are going to move up and
down, we are now thinking about having two antennae
that are spaced sufficiently far apart – on the order of half
a wavelength. There is a statistical model that describes
radio propagation, and we separate the antennae to get
independent realisations of this model from each of the
two antennas. This is called spatial diversity.  

What is Space-Time Coding?

In interesting radio environments, we get channel
variation in both space and time, and space-time coding
takes advantage by correlating the symbols from the two
transmit antennas.  

I should say that small numbers of transmit antennae are
much more interesting than large numbers.  In fact, two

and four are very interesting, eight is borderline, and in part this is for reasons that have little to do with radio.  Think
about having eight antennae up in one of these towers.  The more antennae you have, the more your base station
resembles a sail.  The tower is wind-qualified for a certain number of antennae.  If you exceed four antennae, you have to
build a new tower.  Also, you do not do signal processing at the antenna, you do it in the little hut at the base of the
tower.  There are thick wires going up the middle of the tower and you cannot have too many wires, so two and four
antennae is a sweet spot.

We are going to look mostly at two transmit antennae, and I am going to tell you how to correlate the signals you send
from the two transmit antennae over time.  When I talk about codewords, I am not going to be talking about vectors, I
am going to be talking about arrays, and we are going to think about how you should do this coding.
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Fundamental Limits:  Outage Capacity

I should apologise here to Vodafone.   This is an old picture
and it tells an interesting story.  It dates from the time that
AT&T and AT&T Wireless were one company.  AT&T Wireless
had these peculiar 30 kHz TDMA channels.  Why 30 kHz
and not 200 kHz like the rest of the world?  Because we
knew better, Ericsson told us that 30 kHz was better.  What
we learned over time was that even if it were true, it did
not matter.  When you have 15 million subscribers and
GSM has 150 million subscribers, you get your equipment
18 months later and it costs twice as much. 

This is an example of where being technically smarter
just meant that you advanced further on a path that you
did not want to be on!   

These are 30 kHz channels, and if you are wondering
what the results would be for GSM, just multiply by six.  We are looking here at the effect of two antennae either at the
base station or the mobile, or both.  At the bottom is the baseline, next is two antennas at the base station and one at
the mobile, next is two antennas at the mobile and one at the base station, and at the top is two antennas at both
mobile and base station.

Think of the improvement in performance from two antennas at the base station as going from 1 bit/second/Hz to 2
bits/second/Hz.  You can see this is an executive viewgraph because the message to the executives is on the viewgraph:
"We are here now, we could be there".

Now you say ‘we are having this talk about diversity at the base station’, but the blue curve is running 3dB ahead of the
green curve.  Why is that?  With the green curve,  we are keeping the total power radiated from the base station constant.
If we have two antennae, we are half-power from each antenna and that is the 3dB difference.

Given that it is better to have two antennae at the mobile, why are we having this talk about transmit diversity?  Part of
the reason is that innovation is something that is easier to get into base stations than it is to get into mobiles.  There is in
the order of one billion mobiles, and of the order of 100,000 base stations.  It is easier to get innovation into base stations. 

Now every handset company has thought about how to get two antennae in the handset and all gravitate towards
different polarisations.  The downside is that you need two separate RF chains, and so your handset is going to cost $15
more than your competitor.  If you are Ericsson, your handset is sitting next to the Nokia handset at Radio Shack and you
are relying on the sales help to explain to the customer why received diversity is worth the premium!  That is an
important part of the reason why it has not happened.

There is a technical side to this slide.  The vertical axis is outage capacity: the idea is that when you transmit a frame of
data, you get a realisation of the channel.  Outage of 3% means that 97% of the time, the channel realisation supports
that data rate.  These are 3% outage curves and are reasonable model for voice services.  If you are thinking about delay
tolerant data services you can get away with 10% outage or higher because if at first you do not succeed you can
repeat the transmission.

STC:  The Model …

Now you have a basic intuition about wireless, we are going to reduce everything to linear algebra.  This is a gross over-
simplification, but every undergraduate knows that when faced with an engineering problem, linear algebra is the way
forward.

Our world is completely described by a channel matrix.   The entries in the channel matrix are the fading coefficients.
We are going to send out signals from different transmit antennas, and we are going to try and tell them apart at the
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output of the channel in the presence of Gaussian noise.   We need to maximize Euclidean distance at the output of the
channel described by H, so we want codewords to be far apart in terms of squared Euclidean distance.

STC:  Probability of Error Analysis

Codewords are arrays rather than vectors and this array keeps track of the difference between two codewords we could
have sent.  

STC:  Probability of Error Analysis

Now for a little bit of mathematics.  We have a sum over M that receive antennae, and if we have just one receive
antenna, then the complex vector h1 represents the N channels from all the different transmit antennae to that single
receive antenna.   

In the middle is a matrix BB*, where B is the difference between two codewords.  Think about this vector.  As time
advances, the channel changes, and the complex vector h1 move around the surface of a sphere.  Now think about the
coding problem.  What properties do you want this matrix to have?  You see right away that it should not be singular,
because sooner or later h1 is going to discover the null space, and your call is going to drop.

Given that BB* has as much rank as it can possibly have, you would like the singular values to be big because they
magnify squared Euclidean distance. Therefore the two design roles are to get as much rank as you can, and given this
rank to make the singular values as big as they can possibly be.

STC:  Probability of Error Analysis ….

What I have done here is to take a particular statistical model for radio propagations, namely Rayleigh fading and I have
figured out the probability of confusing two codewords.  You can see that the baseline SNR for single transmit/single is
magnified by the rank r, and by the number of receive antennas.  This is diversity gain

You can also see the effect of the singular values for this particular model. This is coding gain. 

STC:  Design Criteria

Here we have just written down the design criteria.

Space-Time Block Codes

Now I want to show you the Alamouti Space-Time Block
Code and I will tell you the Alamouti story after I have
described how it works.   

There are two time slots and two antennas. In the first
time slot, you send c1 from the first antenna, and c2 from
the second.  In the second time slot you send c2

[conjugate] from the first antenna and c1 [conjugate] from
the second. 

Decoding of STBC

The theme here is that we are sophisticated about how
we signal so that the receiver can be lightning fast.  Let
me tell you what happens at the receiver.

I have written down what we receive at the two time slots in terms of what we sent, and the channel gains from the
two antennae. When you look at this in matrix form, diversity appears in the observation that the matrix is always non-
singular unless both channels vanish, that is unless h1 and h2 are both zero. In fact, it is unitary and if I multiply the
received signal by H*, what comes out is just a scalar multiple of the code word, and some new noise.
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What is really useful is that the noise was originally Gaussian, and the matrix H was unitary, so the new noise is Gaussian,
and this means we can decide on the two entries of the code word separately rather than jointly.  If you are a coding
theorist, you know that there are people in this world that do not like coding, because it is complicated, because it robs
systems of rate, all sorts of things.  This is coding theory for people who do not like coding theory because it is just
signal processing.

This is the Alamouti Space Time Block Code.   Siavash Alamouti is now CTO of Intel Broadband Wireless, but when we
first met him, he was an engineer for AT&T Wireless.  At the time AT&T took over AT&T Wireless, we discovered that they
had a top secret project.  It was fixed wireless local access.  This was a top secret project, and it was organised on
military lines so the folk who did the speech coding were not allowed to talk to the folk who did the physical layer,
because that was a security risk.  The result was that the system did not work!

Our first job was to go in and write an end-to-end system specification for this top secret project.  The technical leads
were Vahid Tarokh, now a professor at Harvard, and Ayman Naguib, now the coordinator of IEEE 802.20 standards
activity at Qualcomm.  Siavash had come up with his scheme after reading our Space-Time Coding paper, and he had
explained to his supervisor how it could improve the fixed wireless local access scheme.  Now his supervisor said
‘Siavash, it is very interesting, but it doesn’t work’.  Siavash said ‘what do you mean it doesn’t work, don’t you understand
this?’ He said ‘no, if it worked, it would be in a textbook and it’s not in a textbook, so it doesn’t work’!

Well it does work and in fact, his paper was selected by the Communications Society as one of the best 50 papers since
Shannon’s 1948 paper.  It is a great story!

Sometimes coding theorists ask themselves why when they have such great ideas, some of them do not make it into
practice.  You look at Alamouti, and this is the sort of algorithm that appeals to people who write VHDL code.  One of
the reasons that coding ideas do not make it into product is that the engineers who translate algorithms into silicon do
not want to mess with complicated stuff, and Alamouti is really simple.  There are many ideas in wireless communication
on how to take advantage of multiple antennas.  My view is that the ones that are prevailing in all the emerging
broadband wireless standards are the ones that are based on Alamouti blocks.

We did a project with Ericsson and Nokia.  The objective was 4 bits/second/kHz on a GSM channel.  We used four
transmit and two receive antennae, with the four transmit antennae divided into two sets of two antennas.  We used
Alamouti on each pair of antennae, and we used the extra antenna at the receiver for interference cancellation.   We did
not quite achieve a megabit, we had about 768 kilobits, using the edge variant of GSM, but that is essentially 4
bits/sec/Hz and is pretty good. 

The reason it worked was simplicity of the Alamouti coding which makes interference cancellation or multi-user
detection really simple.   One of the reasons multi-user detection has not quite made it into systems is that it is
perceived as too complicated.

Real Orthogonal Designs

Now we are done with linear algebra, and we are going to make a connection to combinatorial mathematics.  Think
about that space-time block code, and try to identify the magic. You will gravitate to matrices X where the entries are
variables, and where XXT is diagonal.  The first example is the complex numbers viewed as 2x2 matrices over the real
numbers where XXT becomes the norm squared of the complex number.

Space-Time Block Codes and Hamilton’s Biquaternions

What comes after the complex numbers are Hamilton’s quaternions where the matrix X has the property that XX-T is the
norm squared of the quaternion.  Hamilton knew that you could describe quaternions in terms of pairs of complex
numbers. Look at the rule for multiplying together the complex pairs and recognise that it is just the rule for multiplying
2x2 matrices. The Alamouti block code is a rediscovery of the quaternions. 

Hamilton was a very famous Irish mathematician, and he believed that quaternions were the answer to every problem
in the physical world.  That point of view became known to some as the Irish madness!  The message of this slide is that
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Hamilton was right, and in fact, I am sure he would think that it was entirely appropriate that in three or four years time
we might have a billion handsets, each of them doing quaternion arithmetic.

Complex Orthogonal Designs

We are sending complex numbers from our base station, and so we have to think about what orthogonality means for
complex numbers or complex variables.  We just take a complex variable and split it into real and imaginary parts, and
we look at ZZ* and ask how this is going to end up diagonal.  We then recognise that each of X and Y has to be one of
these real orthogonal designs, and they have to be linked.

Octonions or Cayley Numbers

Cayley Numbers are an even more exotic mathematical structure than quaternions and they are used here to create a
rate _ orthogonal space-time block code.   It employs four antennae, and it has three variables.  We really would like it to
have four variables, because the more variables we have, the more information we transmit, but unfortunately we will
see that we cannot make an orthogonal code with four variables.

The way to think of these orthogonal structures in wireless communications is that we introduce structure into the way
we signal so that at the receiver, with very simple linear processing, we can separate the different data streams that are
arriving.   

Hurwitz-Radon Families of Matrices

Let’s think about what we need for orthogonality. Focus on a variable xi that is used to transmit information, and create
a matrix Ai that captures where this variable appears.  The condition that XXT is diagonal can be expressed in terms of
these matrices, and when we do so, we see that we are looking for families of matrices with special commutativity
properties.  If you are a physicist, you have seen these families before in quantum mechanics, and that is how we get to
quantum computing.

The Computer as Physics Experiment

This is a picture of Manny Knill and Ray Laflamme at Los Alamos.  It is probably the only picture we are allowed to take
of Los Alamos these days!

Quantum Systems

Let me tell you a little bit about quantum systems.   A two-state system in classical physics is described by a bit, whereas
a quantum system is described by a two-dimensional Hilbert space. You can be in a superposition of two base states 0
and 1.  If there are m qubits, then there are 2m base states, and you can be in a super position involving all of them.

Why is this useful? Suppose that you were a government agency interested in factoring integers.  Peter Shor showed
that if you could build a quantum computer, then you could factor an integer in quadratic time, whereas the best we
can do with classical methods is essentially exponential.  

How does it work? Suppose that you have a number that you want to factor, and it is around 2m, so you can think of the
base states as binary labels for candidate factors.  Peter creates an initial state that is a uniform superposition, where all
states have the same coefficient. If we were to measure this quantum system all states would be equiprobable. When
Peter applies his algorithm the initial state evolves and he shows that the coefficient of a non-factor is driven to zero.
When we measure the system after some period of time, we discover a factor with high probability.

What quantum computing allows you to do is to explore exponentially many instances of a problem in a uniform way
at the same time, and that is the power of quantum computing. 

The Error Process

What’s the problem?  The problem is that your quantum computer does not stand still whilst you are doing the
computation.  It is forever interacting with the environment, and the environment is introducing errors into your
calculation as you do them.  This is a discrete model of that error process, so here we are just thinking of a single two-
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state system, or a two-dimensional Hilbert space.  Here the rows and columns of each 2x2 matrix are labelled by the
two base states, 0 and 1, and the matrix x is a bit flip and the matrix z is a phase flip.

If you have m quantum bits or qubits, the errors are m-fold tensor products of these individual 2x2 components.  As
theoretical physicists or mathematicians, we take the view that errors acting on the system are unitary matrices, and as
such are linear combinations of the possible tensor products.  We just take a Taylor series, and correct the error with the
biggest coefficient.  If we can do that, then we will be resilient to arbitrary errors, that is if we can do quantum error
correction in this discrete model, we can do it in general.

Quadratic and Bilinear Forms over Z2

This is the most mathematical slide, and I want to make the point that also in quantum computing, we are introducing
structure to make error correction easy.

I need to introduce a little notation to deal with these Pauli matrices. We represent an arbitrary error by a pair of binary
strings, an "a" string and a "b" string.  The "a" string tells you where x appears and the "b" string tells you where z appears.
There is a very simple rule, a symplectic inner product, that tells you whether the two errors commute or whether they
anti-commute.   

I have written down a commutative sub-group.  There are 5 qubits so we are working in a 32-dimensional Hilbert space.
My group has 16 different eigenspaces, they are all two-dimensional, and any one can serve as a quantum error correcting
code.  It is standard to pick the stabilizer code which is the two-dimensional space fixed by everything in my group.  

An error enters and it moves my computation from my quantum error correcting code to another eigenspace.  What I
need to do is figure out which eigenspace, without getting any information about the state of my computation,
because state information collapses the superposition and destroys quantum parallelism.   

This is where symmetry saves the day, because all sixteen eigenspaces are defined in terms of how any group element
acts on all vectors in the eigenspace.  I can figure out which eigenspace I am in by looking at the result of applying
different group elements.   Then there is a most probable way to have gotten there, namely the way that involves the
fewest number of qubit errors.

I just deterministically reverse the process, and if the number of errors is below a threshold then I am golden.  That is
how quantum error correction works and it is similar to wireless communication in that you put structure into the way
you encode data in order to make the processing easy.  

Example

Here is the example in more detail.  This is a basis for the two-dimensional eigenspace, so in a sense what you have here
is a protected qubit. It is protected against single qubit errors of which we have 15=5x3, because an error is an x, z, or an
xz in any one of 5 qubits. There are 16 eigenspaces and 15 single qubit errors, so everything works out.  The different
single qubit errors take us to different eigenspaces, and so we have a means of correcting a single error.

Fundamental Upper Bound on the Rate of Real Orthogonal Designs

One of the things we noticed in the space-time coding world was that companies like Ericsson and Nokia would go out
and hire physicists.  We were a little puzzled for a while, but then we came to realise that what they were doing was
hiring physicists who worked on quantum mechanics and Pauli matrices.   Six months after they hired them, they would
show up again at standards meetings with a new four-dimensional space-time block code, which was basically a new
family of Pauli matrices.  I am sure that theoretical physicists think it entirely appropriate that Pauli matrices are going to
be at the heart of the next generation of cellular phones.

.
The more variables we have, the greater is the transmission rate.  The bad news is that mathematics developed by the
number theorists Radon and Hurwitz in the early part of the last century provides an upper bound that is logarithmic in
the size of the matrix. Of course that is not so restrictive for 2 and 4 antennae.
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Fundamental Upper Bound on the Rate of Complex Orthogonal Designs

When we translate the mathematics back into communications theory, we are looking for an NxN complex orthogonal
design. We write N as the product of a power of 2 and an odd number. If N = 2, then N is 21x1 and if N = 4 then N is 22x1.  

We treat a complex variable as 2 real variables. The mathematics implies that the total number of real variables is at
most 2h+2 where h is the power of 2 that divides N.   When N is 2 and h is 1 the limit is 4 real variables or 2 complex
variables, and the Alamouti scheme is best possible.  When N is 4 and h is 2, then the limit is 6 real variables or 3
complex variables.  Here the rate _ code based on the Cayley numbers is best possible.

These limits apply when we insist on being able to separate all incoming data streams with just linear processing at the
receiver. If we relax this assumption and only ask to be able to separate groups of data streams then it is possible to
improve the rate. This is the idea behind the quasi-orthogonal space-time block codes developed by Jafarkhani that
appear in several emerging broadband wireless standards.  Decoding requires joint optimisation over data symbols from
a given group, which is still much better than searching over all N variables. 

4x4 Complex Designs

We started with wireless communication, and our focus on signal processing complexity led to a combinatorial problem
that we could express in terms of commutativity properties of families of matrices. Families with the right properties
arise in quantum mechanics, and we made the translation back to wireless communications, where several of the
designs are being incorporated in emerging broadband wireless standards 

That is my story for today, and I will be happy to field any questions you might have.  
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Question and Answer Session

Ralph Benjamin (Consultant, Visiting Professor at Bristol): Dr Calderbank’s initial remark that one of Dr Alamouti’s
ideas was turned down on the grounds that if it worked it would be in a textbook reminds me that as an undergraduate
at Imperial College in 1940, I proposed a single side band mixer and was told “it sounds plausible, but if it worked it
would be in a text book”!  That was Professor Fortescue.

If you will pardon me, I will touch on a couple of points I have touched on before because they are highly relevant.  One
of them is that the two dimensions of space and time-coding address different aspects of the problem.  Space-coding
deals with the fact that if you have multi-path delays which are short compared with the duration of a single bit, then
they cause fading which is countered by diversity. Time-coding deals with mutual interference between consecutive
code words, which requires a filter.

The equalising filter is a device which produces a number of consecutive samples of a single bit with changes of
amplitude and changes of phase.  The transmission channel is another such filter, and the signal passes through the two
filters in sequence.  Therefore, in principle, it should be possible to pre-code the transmit signal to allow for the effect of
the transmission channel, provided you know what the channel is and you have the right frequency.  This can be done
by having the mobile transmit a training signal, and so the combination of coding to deal with intersymbol interference
and diversity to deal with in-symbol interference, can both be done pre-transmission at the base station. This means
there is no longer an issue of price increase at the handset.

Robert  Calderbank: Pre-coding is something that works wonderfully well on wireline modems because those
channels don’t change very quickly. In fact, in the V.34 modem standard, the most beautiful new idea is the pre-coding
idea invented by Rajiv Laroia the founder of Flarion. 

We were always nervous about feedback in wireless systems. We always had a bias in favour of open loop rather than
closed loop systems and of course this is required on the control channel because you didn’t know where the mobile is.
Perhaps in a perfect system, you are open loop when you know nothing about where the mobile is, and as you get
more information about location and channel, you migrate towards the equalisation solution.

Your question reminds me of a project we did with Ericsson and Nokia to explore the integration of equalisation and
space-time coding.  We did not try feedback and pre-coding, rather we tried to signal in a very simple way and then
build an equaliser in the receiver that would not take either Ericsson or Nokia out of their current DSP.  

It was an interesting project, because the rules laid down by Ericsson and Nokia went something like this. If you ever talk
about more than 4 antennae, we throw you out of the room.  If you ever talk about a solution that is not end-to-end, if
you talk about a coding solution that causes some other signal processing function to blow up, we throw you out of the
room.  If you ever propose something that takes us out of our current DSP, we throw you out of the room.  We thought
we had entered the age of the dinosaurs.  It was only after we had completed this project that we started to give them
credit for being very wise.  If you are a Dean and you wondering how to get your Computer Science department to be
more creative, one way is to starve them of resources!  We felt we had been starved of resources, but as a result we
came up with a very clever signal processing algorithm for equalisation.

Nicholas Beale (SCITEB Ltd): I think your colleagues need to give a bit of pushback on this $15 business.  It sounds
very like the rationale that was always used by GM and Ford not to introduce safety features.   All handset manufacturers
are in the mode of product differentiation based on design and fashion, and all service providers face the problem of
differentiating what is largely a commodity service. Their investment in marketing subsidies is huge and the opportunity
of better quality for an extra $15 should not be  

Robert  Calderbank: People find it easier to appreciate qualities like thinness than voice quality. I am sure that it is less
true here with Vodafone, but in the old days, if AT&T Wireless were given a choice between fewer subscribers and super-
voice quality and greatly more subscribers and acceptable voice quality, the second solution was typically preferred.
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Nicholas Beale: That’s what the US car manufacturers did, and look what’s happened to them!

Lord Broers: Thank you for a marvellous talk, but for us engineers you stopped short of bottom line numbers.  I agree
with what Nick was saying about receivers.  We started with GPS receivers that only had six front-end receivers and now
they have 15.  That cost can come down and down, but with all the sophistication you have talked about,  what is the
bottom line in terms of dB that you can gain if you, say, go to four antenna, and what does it do for a single cell capacity.

Robert  Calderbank: When I think about bits/second/Hz and I take the baseline to be 2G cellular that is roughly 1
bit/sec/Hz. The Alamouti code lifts achievable rate to between 2 and 2.5 bits/second/Hz. Then the scheme I described
with 4 transmit and 2 receive antennae lifts achievable rate to between 4 and 5 bits/second/Hz. 

In fact, we were thinking subversively when we started that project.  AT&T was aligned with a number of carriers who
had been fortunate or unfortunate enough to lose in a spectrum auction. Our message was “guys, if you invest in signal
processing then you can match the data rates your competition is advertising, and while they have to carry a huge debt
load, you do not”.  

In fairness, I must admit that we have not seen 4 transmit and 2 receive antennae on a product; nevertheless I believe
that 4 bits/second/Hz is very doable in terms of signal processing complexity.

Reso Naji (King’s College, London): What does information theory tell us about what is possible with multiple antenna
wireless communication and what use can be made of quantum information theory? 

Robert  Calderbank: Good question!   When we set up AT&T Research, I set up a communications research
department that was run by Nambi Seshadri who now runs Broadcom Wireless. We decided to build it from signal
processing up rather than information theory down.  Maybe if I had been in a university, I would have made a different
choice, but in a company, I felt was that I was paid to prove that things were possible rather than to prove that things
could not be done.  If when I met with my boss I was to announce "I’ve proved that you can’t get 8 bits/second/kHz on
this channel ", he would probably ask me why I wasn’t doing something more useful! The schemes I have described
were ways of using wireless resources to get 4-5 bits/second/kHz.  That was our goal.  

I am not an expert on information theoretic upper bounds. I think that Shannon had great insight into the fundamental
tradeoffs between rate and reliability on individual links, and now extended his insights to multiple antennae. Today it is
more interesting to understand how to build networks out of those links.  Spatial diversity means that different links see
different conditions, so that a path through a network sees an ensemble of different channels. When we think about latency
of end to end communication, it is not clear to me that we have an information theory of what those links should look like. 

I am not able to see how quantum information theory would help but it is important to keep an open mind. What I will
say about quantum information theory is that the difference between regular information theory or regular coding
theory and quantum information theory is a little bit like the difference between the real and complex numbers. It adds
a dimension.  

I will say – and it is a subject for another talk – that these Pauli matrices are very interesting objects and the fact that
they form a basis for all operators is very useful.  It leads to a principled framework for sequence design in
communications and radar, for example, the design of Doppler resilience spreading sequences. When I look over the
mathematics I know,  I am very surprised to see how much practical value there is in Pauli matrices.

Dr Xiaohong Peng (Aston University): You have talked about space-time codes and the multiple channel framework
enabled by multiple transmit and receive antennas. What is the effect of line of sight propagation between base station
and mobile terminal?

Robert  Calderbank: Spatial diversity is good when there is a rich scattering environment.  How much diversity do you
get in practice?  Typically, two, or sometimes four paths.  You are not going to be seeing 16 paths and if your
communication system depends on you seeing 16 paths, it is not going to be working very much.
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It is interesting to think about what you could do to raise the data rate when you are line of sight.  When you are line of
sight, you are not getting multiple paths.  Right now, I am very interested in polarisation.  I am interested in four
antennae, in fact two dually-polarised antennae, and I am interested in the question of when to code across antennae
and when to code across polarisations. Polarisation is something that gives you rate in line of sight environments, and in
a sense it is the last knob that has not been tweaked, so it is a really interesting thing to look at.

Andrew Hardie (Democratic Society Ltd): I am not a professor, so I feel no shame in confessing I did not understand
all your algebra.  I have two simple questions.  Amongst your complex algebra, I may have been bedazzled and missed
the most important simple point which was, what you are doing is transmitting successive signal blocks over each of
the two transmitting antennae in turn?  [Yes]   

The other simple question may be harder to answer which is, I felt the punchline at the end was missing.  You introduced
quantum mathematics, but was that merely a mathematical curiosity or will it actually have a practical consequence
when quantum computing itself becomes a commodity product, if and when it becomes a commodity product?

Robert  Calderbank: Right now, I would say that the connection between the two subjects is mathematical.  Will
quantum computing become a commodity product?  If you go back to the time of ENIAC a computer was a big physics
experiment.  Today a quantum computer is a big physics experiment.  Regular computers have changed, of course,
because silicon is such a forthcoming material.  Physicists have not yet found a macroscopic, physical system that
affords the mathematical model of superposition.  They are looking very hard and they are very clever people, and they
may well find it.  If they do, then we will see the same progress. That is really a big question.

For me, in this talk, the connection was mathematical, the fact that the Pauli matrices that come up in quantum error
correction are exactly what you need to transmit data streams so that it is really easy for you to sort them out at a
mobile phone.

Dr Ralf Irmer (Vodafone Group, Research & Development): You maintain that the structure of a code word is very
important, but is that not in contradiction to what Shannon said and to recent research on LDPC codes?

Robert  Calderbank: Why do you think it is a contradiction?

Dr Irmer: Shannon theory is based on simple random codes, and then complicated codes were developed, and now
we come back to the codes Shannon proposed in the first place, basically with very simple code words, and not a
complicated structure.  Having a lot of structure is probably not so good in the Shannon sense, but it might help us to
design simpler receivers, things like that, as you said.

Robert  Calderbank: Shannon theory is based on random codes and I don’t know why it took us as a community
quite as long as it did to gravitate to rateless codes and random code constructions.  

Digital fountain codes are in a sense astonishingly simple after the fact.  They are very elegant and I think can be really
useful for transmitting multimedia content over wireless communication networks. This kind of coding takes place over
multiple coherence intervals and is complementary to space-time coding which takes place over a single coherence  

Professor Paddy Farrell (Visiting Professor, Lancaster University): Just to press you a little bit on that point made by
the previous speaker, one way of getting a relatively simple detection device is to use the iterative methods that are
characteristic of LDPC decoding.  Is that something you could trade off for rate, for instance, in your space-time code?
Have you thought about that as a trade-off?

Robert  Calderbank: I think that as the SNR drops, I would rather go to more peaky signalling than to iterative
decoding. Information theory tells you that as your SNR drops, you should go to peaky signalling.  In fact it tells you is
that as your SNR drops, you should not be spreading your power across multiple antennas.  You should be picking one
antenna and betting on it. If I were using a digital fountain code in combination with a space-time code, then I might
impose a simple threshold on SNR and accept packets only if they cleared that threshold.  Fading channels act



58 The Royal Academy of Engineering

somewhat like erasure channels, and the erasure probability is a function of the SNR. This strategy trades off latency
against error probability but all bits get through in the end.
[No further questions]

Lord Broers: Robert, thank you.  I look out at a lot of puckered brows!  This was a great lecture for making us all think
and rather hard, when all this theory is so far in the distance for many of us.  You have opened up many questions in my
mind, and they are fascinating and simple questions that you can no doubt answer in a minute.  Can this be applied
elsewhere?  GPS lose themselves in cities, and I am never quite sure whether this is because of multiple reflections or
just that you lose the soundlines, but presumably something like this might help.  It would be very easy to put more
than one antenna in a car, not so easy to put more satellites up there, but if you look at this, there is a much bigger gain
out of two receive antennas than there is out of two transmitters.  In fact, it would seem not worth it.

At any rate, it was a great lecture because even dumb people like me are really thinking now, and we really appreciate
your coming and your delivery is quite fascinating and your material more so.

Thank you for a fantastic lecture.
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