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Abbreviations/ Ter minology

Note: Some of the abbreviations, terminology and vocabulary, which are frequently used in
the 3GPP specification are considered as "well known" and are used in the present document
without being explained. Please refer to the 3GPP "Vocabulary” document (3G TR 25.990) in
this case.

AP Access Point

B3G Beyond 3G

BSS Blind Source Separation

BT Bluetooth

CCK Complementary Code Keying

CORDIC Coordinate Rotation Digital Computer
CPICH Common Pilot Channel (UMTS)

DAB Digital Audio Broadcasting

DL Downlink

DVB-H Digital Video Broadcasting (Handheld)
DVB-T Digital Video Broadcasting (Terrestrial)
EUDCH Enhanced Uplink Dedicated Channel
FD Frequency Domain

FD Frequency Domain

FDD Frequency Division Duplex

FFT Fast Fourier Transformation

FM-UWB Frequency Modulation Ultra Wide Band
HSDPA High-speed downlink packet access
IFFT Inverse Fast Fourier Transformation
IR-UWB Impulse Radio Ultra Wide Band

LTS Long Training Symbols

MAC Multiply Accumulate

MANET Mobile Ad-hoc Network

MBMS Multimedia Broadcast Multicast Service
MC-CDMA Multi-Carrier Code Division Multiple Access
NFC Near Field Communication

OFDM Orthogonal Frequency Division Multiplex
PAN Personal Area Network

PE Processing Element

PN Personal Network
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POTS
RAN
RF-ID
Sl
STS
TD
TDD
UL
uwB
Wi

MuMoR

Plain old telephone service
Radio Access Network

Radio Frequency Identification
Study Item (in 3GPP)

Short Training Symbols (WLAN)
Time Domain

Frequency Division Duplex
Uplink

Ultra Wide Band
Work Item (in 3GPP)
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1 Introduction

The purpose of the MuMoR project is to design and demonstrate a mdki-capable radio physical
layer front-end and baseband for mobile terminals. The main applidatiche investigation of
appropriate design approaches mainly were the various operational wiotles 3' generation
standard for mobile communication. The different duplex modes FDD andof g 3GPP system
have been considered as well as the standardised extension HSBEBR imode. For the front-end
also the combination with legacy systems like GSM have been investigatadyadluring the project.

In the front-end domain flexible components have been designed to cophemtguirements of the
different standards in terms of

- bandwidth,

- gain,

- speed,

- accuracy,

- linearity,

- noise,

- power consumption

and further criteria to be able to implement an optimised multi-naoddog front-end, which is
feasible for small battery-operated devices.

System specifications (3GPP TS documents) Eunch i
WCDMA FDD and TDD, HSDPA (FDD) unctionality
. computaponal thimised . Algorithm
complexity Algorithm Selection
e memory g :
demands Structural Functional
Optimisation Architecture
* block-to-block
communication v y \ — =
Reduce toggle rate and Resource Sharing on mApr (?f??tggtﬁrgn
* performance memory accesses imple mentation level
A N
Power Consumption Silicon Area (Cost) o
Reduction Reduction S Euzeton

Figure 1.1: Optimisation is baseband domain

In the digital baseband design different activities have been tdoogtimise the implementation in
terms of silicon area demands and power consumption. Figure 1.1 showdfehendievels of
optimisations that have been done. Based on the underlying standardishidnbasically defines
the system from functional perspective, the appropriate algorittawves been well selected to either
directly allow simplifications in the implementation architeetwr indirectly lead to a decreased
power consumption or silicon area (mainly to achieve better yield for cost reduction)
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The different kinds of optimisations for flexible, yet efficientsid® implementations are not limited
to the investigated radio systems. Consequently an additional conddw ioject is the extension
of the approaches for multi-mode design also towards forthcoming giensraf mobile terminal
devices and the radio communication standards to be supported. This outl@okistaive 4
generation radio systems will be done in this report.

Obviously at this point in time there is no such thing like a standiacument for a 4G system. There
has not even yet a group or association formed for creating anchénglproposals. However, there
are already a number of visions and ideas how this system roajhtike. The potential 4G system
from MuMoR perspective will be introduced in chapter 2. Based on iévg of how a 4G system
might look like the implications for the respective analog feamd-of such a terminal receiver will be
presented in chapter 3. The same information about the digital baseband will be givgrten4ha
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2 Vision of the 4™ Generation Radio Radio System

2.1 Motivation for 4G System

The transition from the 2nd generation of mobile cellular networkka®rd one was motivated by
the introduction of mobile multimedia services. It can be already anticipateth¢éhdémand for much

higher bit rate services with high mobility will increaseidly. This kind of demand requires a new

air interface technology since current systems offer highatet for low mobility or low bit rate for

high mobility. Figure 2.1 shows the deployment area and the bit ragagstihg systems and the area

and bit rate that are foreseen for the new air interface.

High Speed /
Nationwide

/ Citywide

Walking /
Premises

Static /
Indoor

Mobility/Deployment Area

Figure 2.1: Comparison of Deployment area and Bit Rates of existing and new systems

MuMoR

Moderate Speed | |

New Air
Interface
Beyond

IMT-2000

3G
IMT-2000
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3 Implicationsfor the Analog Front-End

This chapter investigates the capability of extending the diffdrent-end subsystems towards the
requirements of 2 generation systems. As mentioned above there is still no proposgts fsystems,
so the discussions in this chapter cover topics that are seerrétebent by the view of MuMoR
consortium. These topics are

« Extending the multi-radio approach towards a high variety of different standards
« Combination of totally different air interfaces
* Increase of signal bandwidth and linearity requirements

e Multi-antenna design

The 4" generation of wireless systems will very probably introducectislenge to bring very
different standards together. Looking to current multi-mode and nbaitdard systems
(GSM/GPRS/EDGE variants in 2G, WCDMA/HSDPA variants in 3G)y teually support standards
that that allow re-configurability of block parameters by keepiiregblock architecture similar for all
supported standards. A lot of research is currently ongoing to combiae®@G requirements into
configurable hardware, as systems that are available on thedmaalkely operate with parallel signal
paths. Results of MuMoR project indicated that a simple paramxatieni of blocks is no longer
sufficient for quite different standards, especially if paramseld&e power consumption and cost
(area) shall be optimised, too. That dilemma will increaséigefieration systems, as the variety of
standards that pose totally different requirements to the front-dhihevease. The effect to the
front-end can be shown by the example of OFDM support. Here, the peadrsma ratio is much
higher than in current CDMA systems. A transmitter that hasufgport both CDMA and OFDM
signals is hard to optimise for both systems, as the resulbhses d trade-off between linearity and
power consumption requirements. That indicates that a multi-arehideapproach as it has been
developed in MuMoR for frequency synthesizers gives a high potdntiather front-end sub-
systems.

First results about combining spread-spectrum and OFDM systemdbban obtained by the German
funded project RMS (Re-configurable Mobile Systems) that wageatom 2001 until 2004. System
partitioning was deeply investigated with the constraints of teoggavailability and cost, resulting
in a block-by-block consideration about parallelization or re-configaraThe RMS project showed
that re-configurability of low-frequency blocks (analog basebandpoissible even in a wide
parameter range, whereas it is difficult to find optimised @msttions for performance, area, and
power consumption for radio-frequency parts of the circuit.

The role of power consumption will surely increase with upcoming &&®)s. Higher data rates
require wider bandwidth, higher sampling, and higher accuracy. All ghameters have direct
impact on power consumption. Considering multi-antenna systems (MIN&D)Will probably find
their way into 4G, energy consumption might even limit the fe#tsiluif a wireless system. MIMO
requires fully parallel transceiver front-ends for each anteesalting in a dramatic increasement of
power. Even if technology progress allows the reduction of required thieesupply currents will not
scale down in the same way, causing punctual heat concentrationscircthiethat prevent proper
operation.

Considering the user requirements for 4G systems, main decisionsbalying a device or not will
still be parameters like talk and standby times, as welkaigyn parameters like volume and weight of
a device. These are mainly given by the battery and, with thapobser consumption. A non-
acceptance of that parameters by the customer could endanger tieedetelopment of 4G to a
technologically sophisticated standard. A current example can be fotinel WLAN integration to
mobile phones that is retarded by the high power consumption of the relevant modules.
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The following chapters discuss the effect Bfgéneration radio system requirements to the front-end
subsystems in detail.

3.1 Implicationsfor frequency synthesizers

If the 3G systems already require a mobile transceiver to éngegkral air interfaces, the 4G systems

1) will reinforce this trend with more different air interfaces to deal with;
2) may see the coming of new air interfaces allowing higher data rates than today

The first point will lead to a redefinition of the reconfiguralikthereas the second will put tighter
constraints on the frequency synthesis (PLL).

On the technology side the future sub-micron processes as vedibas-IC processes will open the
way to new architectures.

3.1.1 Redefining reconfigurability

Current multi-mode transceivers usually deal with a small nunobestandards having similar
frequency ranges and phase noise specifications, namely the GSMamC®-CDMA. Roughly
speaking it is then possible to use the same PLL architetburex@émple the frac-N one) for all these
standards with rather small adaptations (the frequency rangeydpebandwidth, the VCO phase
noise, ...). The PLL can have some parts being reconfigured or connectethand while the others
are always in use.

On the other hand the future transceivers should be connected to highteatéreless Local Area
Networks (WLAN) as well as short-distance low data-rate Person AreaNes (PAN).

The former require a low phase noise PLL, the latter low-consumptibn Having the same PLL
reconfigured for such standards may be unfeasible and whatever may not be efficient.

The LC-VCO developed within MuMoR has already made obvious thigptast. While fulfilling
phase noise specifications of both RX and TX W-CDMA modes, it was overspecifiethioftphase
noise for the RX mode although its power has been set to its miniBuinthe LC architecture
chosen require a minimum power to keep the oscillation on. In facY@@ was too luxurious for
the RX and only another architecture could provide the specified phase wibh an ever lower
power consumption.

For the high-end standards the expected higher performance requirethéréthlLs will generalize
the use of digital techniques to go beyond the intrinsic limitatiotiseofechnology as long as analog
performance is concerned. For example an auto-calibration sequengendgtlically compare the
PLL frequency to a stable reference (the down link signal fomplg to deal with static (i.e.
process) and dynamic (i.e. temperature and supply voltage) varidfiitnsthe availability of sub-
micron processes it will also be possible to make the base lwprad grocessor correct the frequency
shift of the PLL. This digital stuff will at the same tiralleviate the analog design task and improve
the overall performance of the transceiver.

We see that the reconfigurability will, at the same timelebs ambitious at the analog level (the all-
in-one block is senseless) and widen its scope to include the digital part of theitemsc
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3.1.2 Taking advantage of new technologies

For the low-end standards (PAN networks) the sub-micron proceskedlovw to investigate new
concepts of PLL while still keeping the power consumption at a low level.

Digital PLLs seem promising as far as moderate phase noise is needed.

The concept of synchronous oscillators investigated within MuMoR idcapj# to all kinds of
oscillators. Such structures like relaxation or delay cell lasois which rely on full CMOS devices
could pave the way to new types of PLLs combining moderate performance, low area aostlow c

Above-IC processes such as bulk acoustic waves will make higis@hators a reality. With such
devices PLL designers can re-think the PLL architecture fsematch with possible innovative
designs at the end, which, in turn, will impact the overall transceiver.

32 TX

The impact of the requirements of the different standards is mook demanding for the TX than
for the RX. The generation of high power signal is much more sensdisignal details like crest
factor. The relative spurious and noise emissions depend from thémigrex transmitted and from
other details like the utilization of time or frequency division duplex.

Even the integration of the 2G and 3G standards GSM and FDD/TDDeaquguily separate signals
paths due to their too different system requirements. In Figure &olilion proposed in the MuMoR
project is shown. In this architecture, both signals are generatteel tshnsmit frequency using an 1Q-
modulator. For the FDD/TDD path, the signal passes an varialhe agaplifier VGA and after
filtering it is applied to the PA. The GSM path require additiooaichip filtering, which is
accomplished using an variant of the commonly used offset-PLL.

UMTS PA

|
L R X
} N j >R
| Ly —
| ~
— = PD | CP |- LPF ! :%% >
— I _I [
| GSMPA
: to RX
|
— ) —
onChip | off Chip
|
|
|

Figure 2: Multi-mode GSM/FDD/TDD transmitter using direct PLL for filtering of GSM signal.

The availability of on-chip filters greatly changes the traffe-in the architectural design of the
transmitter. Usually, filters are external and costly. Theyuire additional pins, the IC is always
short of. The system designer of a transceiver IC tries aal difters as much as possible. When
having filters internally on the die, the preferred architecture is corhptétierent.
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Figure 3: Multi-band multi-mode transmitter.

Figure 3 shows an example if a multi-band multi-mode transmitbeg ws chip filters. The signal is
generated using a direct modulator and level adjusted in the VGAnduwre the spurious and noise
emission requirement for each standard, a bank of switchable filters is fetegréhe chip.

Having these filters available, the noise requirements foreimaining components can be reduced.
This has some implications on the block level specification.

e The current consumption for the building blocks can be reduced. The resadtiitgpnal
noise will be eliminated using the on-chip filters.

* A cheaper technology can be used having inherently worse noise performance.

3.2.1 Implicationson Mixer and VGA design

Having on-chip filters available, the trend in the design of IC buildingkbladgll be with the scope of
extremely low current consumption while still having a moderateerieigel with filtering suitable to
the requirements of the standards. Without filtering, bias currettieoflifferent stages has to be
chosen to ensure sufficiently good wideband SN; usually the activeedeshosen did not have
minimum feature size.

If the required SNR of the mixer can be reduced by 20 to 30 dB due tomadbfiltering, minimum
feature size active devices can be used, the bias of these comspaneald be as low as possible to
reduce current consumption.

=

3.3 RX
Demodulator
Front End = P
Filter LNA | °
% | 90°
_Z | -+ .

Baseband PGA ADC
Filter

Figure 4: Direct conversion receiver.
The architecture of choice for the later 2G and 3G systems is the DCR. It hdsahtages:

MuMoR IST-2001-34561 D44



14

» Suitable for integration
e Straightforward change of receive signal bandwidth

The elimination of external channel select filters is effeciin cutting cost, so that currently all
cellular receivers are DCR. However, a DCR also suffers from some mbipeoblems:

« DC offset
« AM-detection

These problems have been overcome within the past years, so tieatlguhe DCR is a mature
architecture for cellular systems. However, additional circuitry isssary compared to a superhet.

The trade-offs might change with the upcoming of integrated MERESsE allowing the integration
of channel select filters and also band filters on the chip. Hakesg filters available, there is no
need to choose a DCR and the associated circuitry like DC-offset correction aavide.

3.3.1 LNA
In today’s multi band cellular ICs, one LNA is used for each band. The reason for thisoisl twof

e Each LNA need a specific band filter (SAW filter) to ensuhe tbut band blocking
requirements of the complete phone. Connecting these filters to one brdddba would
require an additional switch and therefore additional loss, which has to be avoided.

¢ Each LNA needs a specific matching to minimize the noise figutieis particular frequency
band.

Today’'s quad band GSM phones already have four differential LNAstirgsin eight pins for the
signal and additional pins for Vcc and Gnd at the receiver IC. Exigriiese phoneS and the
respective transceiver ICs$ to multi-mode multi-band, would require even more LNAs and pins at
the transceiver IC. The scenario for a world phone could be:

« GSM 850
« GSM 900
« GSM 1800
« GSM 1900

 FDD (ITU region 1)
 FDD (ITU region )

» FDD (ITU region 1l

« TDD (ITU region I)
 TDD (ITU region II)
 TDD (ITU region )

¢  WLAN (IEEE 802.11b)
« WLAN (IEEE 802.11g)

It is clear, that all these different frequency bands should not didthby separate LNAs. This
would require a large chip area and also a too high number of pins at the transceiver IC.

Usually, LNAs in transceiver ICs for cellular standardscarige broadband. The frequency selection
is carried out using the band filters. So at least all the stasmdaerating at approximately 2 GHz can
be handled using one single LNA (having only 2 external pins).
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On chip band

On chip MEMS filters On chip MEMS
switches switches
R
1Q demodulator
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Broadband Broadband channel sglect IF VGA —
—o\ % —o\ LNA Mixer filters
R ~_|
BhEESIn
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Figure 5: Completely integrated receiver.

Figure 5 shows a block diagram of a receiver having allrdilend switches integrated in the IC.
MEMS filters are used for switching due to their low insertiossl For band and channel select
filtering integrated MEMS filters like FBAR can be usetisl clear, that, compared to the currently
used DCR with external filters, such a receiver have several advantages:

* No external filters.
e Small size
o Only one LNA
o Only one mixer
o Only one external input signal pin.
» Passive IF filter
o No current consumption of IF filter
* No DCR related problems like DC-offset and AM-detection.

The superhet requires two LO signals, one for the first mixer andoortbe 1Q-demodulator. To
avoid two complete synthesizers, the second LO signal can be tgenhéran the first LO simply
using a divider, which will require fractional-N synthesizers.

Implications for LNA design:

In the proposed architecture, one single LNA has to be capable of haaltlting different standards
at different frequency bands. The LNA matching is sometime®glaff-chip to reduce the die size
and also due to the lower loss of an external matching network. Howewvsingle matching at the
LNA input will give a low noise figure in all bands. This willvg some implications on the LNA
design:

e The LNA should have an input impedance very close to the impedatieeadh-chip filters.
Since the filters are matched to 50 Ohm at the antenna sideppkdadnce at the LNA side
will also be close to 50 Ohm.

« Having all matchings completely between the on-chip-filters hadswitches will result in a
large space consumption on the die. Instead, the main part of thengaichising a fairly
large inductorl] is placed directly at the LNA input; the fine tuning of the g in the
different frequency ranges is performed directly at the filters. This isrshofigure 6.
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On chip band Band specific

On chip MEMS

filters
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On chip MEMS
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Figure 6: Separation of-on-chip matching to save chip space.

3.3.2 Parallel signal reception

One disadvantage of multi-mode receivers is, that they usualhotallow reception of signals in

parallel.

MuMoR

IST-2001-34561

D44



17

4 Implicationsfor the Digital Baseband

In this chapter the architecture of the digital baseband panestigated in terms of its capability to
be extended to 4G systems. Before this is done the aspects of thsiahs, which influence the

PHY layer, are extracted and presented. This analysis is donmatsgp#for the two main directions
of assumptions:

(1) 4G is the seamless integration of different air interfaces (chagler
(2) 4G will be based on a dedicated new air interface (chapter 4.2).

Additionally in chapter 0 general concerns of applying multiple anteainte receiver to enable the
utilization of MIMO are presented.

4.1 Integration of Different Standards

One vision for 4G mobile communication that is relevant for thdaligaseband implementation is
seeing the system as a seamless integration of existingoaor arising wireless networking air
interfaces rather than the a new developed radio access nelRidvl ljke 3G was. In this case there
are typically three kinds of networks mentioned in addition to tlie\area mobile communications
RAN:

- High data-rate local mobility: Wireless Local Area Network (WDAN
- Proximity Ad-hoc Networks or Person area networking (PAN)
- Broadcasting technologies

The mixture of different networking technologies has been investigdtom entertainment
perspective within the IST-Project mGain [MG_D823]. In its dehibde “Mobile Entertainment”

among other topics the technologies enabling mobile entertainmenbéerdnvestigated. For this
report the network technologies are of major focus. Figure 4.1 show#idanterface terminal within

a scenario environment.

// UMTS

WLAN B s

AP

Fixed networks
(IP, DVB-C,
POTS)

Figure4.1: Multi-interface terminal (in dashed circle) in a scenario environment
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4.1.1 WiredessLocal Area Network

In [MG_D823] it is stated that the capacity of high data ratedfinetworking can be extended locally
with wireless local area networking technologies. These techesl@ge many times seen as “cable-
replacement” technologies in home and office environment. Howevezlegsr local area networks

are nowadays also used for providing wireless high data rate ltdeahet access in many public

environments, such as airports and hotels. There is a growing tertderaeys high-speed wireless

local area networking (also referred as hot spot servicesgeThetworks are interesting as an
alternative or complementing networking technology for wide-area netwadksGPRS and UMTS.

From physical layer point of view it is important to consider thatstate-of-the-art WLAN standards
are based on OFDM. For example IEEE 802.11a and Hiperlan/ll are bothQiHg to achieve 54
Mbps. The main difference is apparent in the MAC layer, which not relevant for pbig.re

However, there are other solutions than OFDM that have been pigwisesl and are candidates for
future implementation. For example the IEEE 802.11b physical layeiirig @CK modulation to
achieve 5.5 or 11 Mbps. But also the task group IEEE 802.11g that was formed to dradbadsthat
achieves higher data rates in the 2.4 GHz band currently has adimdePHY layer candidates:
single-carrier-coded 8-PSK modulation and OFDM identical to the 802.11a modulation.

4.1.2 Proximity Ad-hoc Networks

In contrast to the WLAN that mostly operates with access poimexted to a wired backbone the
ad-hoc networks do not have such a specific device within the netivaskimplementing true peer-

to-peer connectivity. This statement is true at least fronphiysical point of view. The logical level

structure of an ad-hoc network often requires the existence ofralosamtrol instance to handle the
medium access control efficiently. This device has to transmit beapuissto keep the frame timing

alive and synchronous. The difference to AP based networks is thhe iad-hoc peer-to-peer

network, each device can take over that role.

Ad hoc and peer-to-peer networking are one of the most interestergiamand future networking
concepts. They both refer to the ability of peer networking nodes é&suctobile or portable devices)
to establishing wireless communication link with neighbouring nodes spoataneous manner.
Standardisation and development work is undertaken by IETF under theEmMAMNoObile ad hoc
networks) [MANET] to develop ad-hoc routing protocols. Ad hoc networlsnigeality today with
peer-to-peer connections in for example communication devices sudbedsdgh that are aimed to
form ad hoc connections with neighbouring Bluetooth devices.

In IST-Project MAGNET currently there are several types aif interfaces concepts under
development and discussion based on different physical layers. Hararies with and without
access point are investigated. The scenario with access pomgaist for the augmentation of the
PAN to a personal network (PN). In a PN not only access to theaddtdevices carried along with
the person can be granted but also to remote data and devices, hmmeatr in the office, via
additional networks. Under investigation are [MAG_D321]:

- MC-CDMA: The target of the MC-CDMA activities in MAGHET is to investigate the
application of MC-techniques along with CDMA in a PAN scenario ardktelop a PAN air
interface based on these techniques. Combination of MC with CDMA doe®nhpt
encompass pure MC-CDMA where symbols are spread in frequency ddmmgialso
spreading in time domain and combinations thereof. CDMA will be pathefmultiple
access scheme; still, the MC-CDMA approach does not resteacytstem from using other
division methods for duplexing and multiple access.

- OFDM-TDMA: The target of the OFDM-TDMA activities ® investigate the suitability of
OFDM as an air-interface for PANs. The OFDM-TDMA systent fulfil the requirements
of the PAN AP scenario where an access point controls all comatiams and only link
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between mobile devices and the AP are considered. Direct comnmmschétween devices
could be considered in the future.

- MC-UWB: This activity is focused on the design and the eviglnaif Very High Data Rate
WPANSs where the transmission is performed with bit rates chafigen 150 to 600 Mbps
along the UWB system definition. UWB systems are defined in cdéionewith the FCC
rules, as wireless systems with a transmission bandwidth supersf0 MHz or systems
with a fractional bandwidth superior to 20% devoted to high bit ratermessions and low
power consumption.

-  IR-UWB and
-  FM-UWB.

4.1.3 Digital Broadcasting

According to [MG_D823] one of the most interesting new application siosndor mobile
entertainment is the integration of digital TV broadcast content into mobile haedseologies. This
content could be transmitted with 3G data rates with legacy piflications and streaming
technologies. Problems with this options are, however, delay var@intee packets. Another
alternative with better quality of service expectations igitBi Video Broadcasting (DVB), which
enables point-to-multipoint type of networking and sending video broadsastocamobile devices
equipped with appropriate receivers.

For the digital broadcasting there are several standards, whiehbban established already or just
about to be established. The important ones to mention are DVB-T, DeiBdHDAB. All of those
are based on OFDM technology.

4.1.4 Additional Features

Additional features for wireless communication networks intedrate® the multi-standard terminal
are positioning and sensor technologies (for example, to measureaamgerThis will enable more

integrated features of the mobile entertainment end-user d¢gM&D823]. Since both positioning

and sensor networking are currently not considered as to becomeohtparttG system they are not
considered any further.

Also the very short range RF-ID or near field communication (NMC become part of the terminal,
but is not considered as belonging to 4G. The NFC technology evolvedafroombination of
contactless identification (RFID) and interconnection technologidsC dperates in the 13.56 MHz
frequency range, over a distance of typically a few centimeNEC technology is standardized in
ISO 18092, ECMA 340, and ETSI TS 102 190. [NFCO04].

4.2 New Air Interfaces

Beside the integration of different existing radio standards wttiied air interfaces, the™4
generation radio system may also use a new air interfacaitiefi for the wide-area mobile
communications. The detailed parameters of these candidates foewhiair interface are not clear
up to now, but there is a tendency towards multi-carrier systemskihds of this system are under
further investigation: Multi-Carrier CDMA and OFDM-TDMA. Botire introduced in this chapter
and the impact on the multi-mode radio system baseband architestdiscussed. The system
definition and parameters for the potential MC-CDMA system lmen taken from the IST project
MATRICE. For OFDM-TDMA only a general analysis can be madee leecause of the lack of
specific system definition.
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421 Multi-Carrier CDMA

The IST-Project MATRICE targets at the definition of a suetGaradio based on a combination of
OFDM and CDMA (MC-CDMA) technique, which in terms of its functibaefinition allows the
reuse of components of a 3G system in the implementation [MAT_D1.4].

The idea followed in MATICE is that for introducing this 4G systidat evolves and improves the
technologies underlying the 3G systems it is very helpful to directly congidairccompatibilities to
the existing and upcoming 3G standards. This will especially be iamavhen mobile terminals are
supposed to support multiple standards to keep the complexity of thedkyini affordable borders.
In order to facilitate the development of such multi mode termicatin parameters need to be
chosen as consistent as possible to the 3G systems. Motivatioretthbag aligned parameters is the
increased potential to derive power efficient designs for thei matle terminals. Further it will
allow decreasing the form factor of the terminal, since cegarts do not need to be included twice
in the implementation. In addition the development time can be kepeshBdtential candidates for
alignment are the sampling rate, the frame size and striadunell as the interface to higher layers
such as the data and control channels. This approach of course aimglifitisg the extension of
the existing MUMOR baseband architecture towards the new aifaicgée In the subsequent chapter
the system proposal is introduced in more detail and then selected issuebifectre extension are
discussed.

4.2.1.1 Motivation for using OFDM/CDMA

In order to reach the goal of high mobility and high bit rates OFDM its combination with CDMA
(OFDM-CDMA or Multi Carrier CDMA) are the potential acsetechnologies for 4G. MC-CDMA
increases the degrees of freedom in the system design. Usisg tlegrees of freedom in
sophisticated ways allows to mitigate multiple access erente and to cope with unpleasant
channel conditions. In the end this will allow high mobility with highadaites through adaptation to
environment.

Frequency diversity is one example of a benefit that can be gaomedVC-CDMA, if the data is
spread over large parts of the available frequency band. From [rnee Bequence CDMA MC-
CDMA inherits the granularity in terms of data rate and caflacity. The equalisation in OFDM is
generally easier achieved than in CDMA. This can be exploiteMI@CDMA, which has OFDM as
an underlying technology. Since sophisticated MC-CDMA receivers taope with the multiple
access interference from other codes the equalisers may beongoéex than those of OFDM, but
potentially still simpler than those for CDMA as e.g. in HSDPA.

4.2.1.2 System Proposal

When investigating and designing the baseband part of an air ieté@rfaccritical to investigate the
whole transmission scheme from channel encoding to the decoding. Onlyngytliisiwe can derive
valid results concerning the bit and, more important, the packet rateorTherefore we model the
whole system including channel coding. The overall baseband systiapiésed for the downlink in
Figure 4.2. This includes the channel en- and de-coder, an appropriate puncturing scheme e match t
rates of the coded bit stream with the rate of the frame.|8@ecansider channel interleaving to gain
from time diversity. The next module that the system consistis dhe mapping module that
modulates the bits into the I/Q constellation. This is typically aekidy a QPSK, 16 QAM or higher
order modulations like 64 QAM. Further a module carries out the spgeaflthe data. In this study
we consider Walsh-Hadamard codes for spreading. Next the spreadmehtpae/frequency mapped
into the OFDM data frame. Afterwards the data signal is plaked with pilots by the framing
module. Finally the frequency domain is OFDM modulated, which meang ihatansferred into the
time domain by an IFFT and that a guar interval is inserte@pe with inter symbol interference
resulting from the multi path channel.
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Figure4.2: Block diagram of the baseband of the MC-CDMA air interface showing the DL

4.2.2 OFDM-TDMA

The OFDM-TDMA technology is not only under investigation for ad-haxxipnity networks (see
chapter 4.1.2), but also as one air interface candidate for the 4€nsyst fact already for the
extension of the 3G system OFDM is a topic in the 3GPP RANimgsetAs this development is
currently the most specific research targeting on using OFDM for a widevaxigile communication.

Parameter Setl Set 2 Remarks

TTI duration (msec) 2 2 identical to HSDPA

FFT size (points) 512 1024

OFDM sampling rate 7.68 6.528

(Msamples/sec)

Ratio of OFDM sampling rate to 2 17/10

UMTS chip rate

Guard time interval (cyclic prefix) | 56 /7.29 64/9.803 | *) Requires one extra

(sampleslsec) 57/ 7.42%) prefix sample for 8 out of
9 OFDM symbols

Subcarrier separation (kHz) 15 6.375

# of OFDM symbols per TTI 27 12

OFDM symbol durationy(sec) 73.96 / 74.0%) | 166.67 &) Depending on guard

including guard intercal interval duration

# of useful subcarriers per OFDM | 299 705 Including pilots

symbol

OFDM bandwidth (MHz) 4.485 4.495

Table4.1: OFDM Parameter Sets[3G_25892]

One major aspect of using OFDM is the good spectral effici¢inaly can be achieved with an
adaptive modulation of the subcarriers according to the requiremehidemands of the respective
users considering the channel state conditions of the available rsefscanith this adaptability —
which of course requires a certain flexibility in the baseband imga¢ation — a bigger average data
throuput can be achieved due to the fine granularity of the channelgesodowever it is expected

MuMoR IST-2001-34561 D44



22

that the complexity of the receiver can be simpler for the g@em®@rmance in terms of successful
data transmission. This is relevant for both each single link and for a “periegil” v

In the 3GPP standardisation the OFDM has been dealt with as atetadil) until May 2004 (RAN
WG 1 Meeting#37) for being used in potential extension bands of the 3nsy3iring this time the
studies have been reduced to simple schoolbook-like features offel@&y, i.e. any advanced
properties offered by the system had been neglected. After the ungeat topics Multimedia
Broadcast Multicast Service (MBMS) and Enhanced Uplink Dedic&teannel (EUDCH) have been
completed by beginning of the year 2005 the OFDM topic may be contintled Wwioader scope and
probably with the status of a Work ltem (WI).

Table 4.1 shows the currently discussed reference OFDM parameter sets.

The parameter set 1 consists of nine OFDM symbols that fitam@667 us timeslot. The useful
symbol duration is equal to 512 samples. The guard interval is equal to pl@séon the Oth symbol,
and 57 samples for symbols 1..8 of every timeslot, as illustratiguire 14. The actual position of
the 56-sample Gl symbol is believed to be inconsequential as loitgissknown by both the
transmitter and receiver. Therefore, it may be revisitedutaré, should a different location be
deemed more favourable [3G_25892].

4.3 Multi-antenna Design

When augmenting an existing SISO radio communication system by ami#nna coding and
transmission schemes it will unavoidably get more complex in terms of ighdesl implementation.
For a mobile communication system this leads to more expensive eoutiom both the network
operator side and the end user side. The Base Transceiver SEii®) (jke the Node B in a 3G
system, as well as the User Equipment (UE) require additional Ahtenna and RF front-end plus
additional processing capabilities in the digital baseband have to be provided.

Figure 4.3 shows the architecture of a dual-antenna receiveCloMi\-based system like WCDMA
and HSDPA. This receiver is meant to receive and decode dasantteed in spatial multiplexing, i.e.
the multiple antennas at the transmitter are used to simultapé@rgmit multiple independent data
streams. A receiver, which solely uses the multiple antennasdeiver diversity would be much less
complex in the baseband processing. However the antenna and RF front-ghekitprare similar
for both kinds of multi-antenna receiver.

As shown in the figure several components have to be doubled due to existeneeonidbasitenna at
the receiver:

- There have to be two antennas and also parts of the RF front-entbhas doubled (LNA,
mixer, filter). Some parts may be shared, e.g. local oscillator.

- The separation of the received CDMA spreading and scrambling tadeto be done twice,
i.e. once per code and antenna. The received signals cannot be combined tihefor
dispreading/descrambling, because the antennas have not yet beemedepdras the
information, which is required to separate the channels would be lasgrils were
combined before. Each box in the figure indicating the despreading funityicaetually
means despreading for each channel tap, thus representing e.g. 4acerielease of a 4-tap
channel.

- In the next step the signals received from the two antennash whkée the same code for
separation, have to be distinguished based on the different channetafistres, i.e. based
on the information provided by the channel estimation. This processimg igquired in a
single-antenna (SISO) design. In CDMA system this signal psoaesequires particular
effort as the signals coming from the code separation are Hypiglseady soiled by
interference due to the lost code orthogonality in a multi-path chamvélonment. In the
figure a Minimum Mean Square Error (MMSE) linear equalizer besn selected for the
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antenna separation task. After this processing the independent damsstshould be
recovered as sent out by the transmit antennas, but still including echo paths fronmtia¢ cha

After serializing the recovered transmit data stredras¢ceived energy spread over several

echo taps has to be combined, e.g. by a maximum ratio combiner (MRCgomponent can
also be found in a SISO receiver but in this case two of those are required.

The receiver in the figure below is capable of supporting a@adeature in addition to the
spatial multiplexing that is that the data rate transmittedr @ach antenna can be
independently selected as well as the channel coding parametaefofidéhe decoding will

be done before the final parallel to serial multiplexer resulimghe existence of two
decoders in the receiver.

Not shown in the figure: The complex amplitudes of the multi-path ¢d the transmission
channel differ between the signals received by the two antennasthEnhastimation of the
power delay profile (channel estimation) has to be done for both eegeignnas. However it

is assumed that the delays of the received channel taps ardarduath antennas and only
amplitude and phase differ between the two antennas.

Antenna-  Separate Separate the P/S Combine P/S
& RF FE  the codes antennas the echos

zr’ despread | o N[MSE 1 Mux - Detect
L -]

F-, Antl Demap
‘I Deinterleave
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Figure 4.3: Architecture of Receiver for dual-antenna CDM A-based system

In addition to the mere existence of additional kinds and instancex@if/er components also the
complexity of the components has to be considered. A major aspect nbermad in this regard is
the significant impact of the system is the receiver algorion the performance. Simple algorithms
detect each transmitted code separately and consider the other codes dhagiseformance can be
increased considerably if all codes used in the system am itetheaccount during detection. These
sophisticated detectors are called multi-user detectors (MidD)are researched at the moment. The
problem using MUDs in real systems is the large computation esitplof these algorithms. The
performance in conjunction with multiple-input multiple-output (MIMO) teyss is of particular
interest because algorithms favoured in single antenna systemetdalways show the same
performance in MIMO systems, but more complex solutions have to biedplple to the increased
level of interference, especially in the anyhow interference limited CBistem.

As a conclusion especially for multi-antenna systems it ig Weportant to minimize the additional
effort in terms of system complexity to keep the cost forn@a@mentation in reasonable borders. As
it is anticipated that future systems will operate with both

- multiple antennas and will

most probably apply a multi-carrier (OFDM) based air interface
an optimisation for the MIMO-receiver in conjunction with OFDM is beneficial.
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Typical components in an OFDM system as presented in the previaptecs are the FFT/IFFT
required for the OFDM modulation and demodulation. This component is quite ecofiapl such
systems due to its length, i.e. number of required constellation poisuanchrriers respectively (In
MATRICE the FFT size ifNer = 1024). For this reason an exploitation for different purposes within
the physical layer is appreciated for design optimisation. Theqalyayer of the 3G system does not
inherently define a function that requires an FFT/IFFT. Howevetheateceiver several functions
have to be performed, which allow different possibilities for realisation.

Andreas Burg et al. show in [Burg03] that the calculation of theficaafts for the linear MIMO
equalisation can efficiently be done it the frequency domain, based estianate of the channel
impulse responses. It has been shown that by using the cyclic Fhsatiaalas special case of the
windowed FD-equalisation a sufficient accuracy can be achievedy with comparably low
complexity. Of course this procedure requires a transformation froe: to frequency domain for
which again an FFT is required. This offers potential for sharing components.

4.4 Baseband Architecture Extensions

4.4.1 General Assumptions
When dealing with terminals operating in multiple-modes a very importanctisti has to be made:

Which modes or combination of modes have to operate simultaneously
and which operate mutually exclusive in time

When exploring the space for re-configuration and reuse of termirdv&ee in the digital baseband
it has a major impact, if certain modes are assumed to opé@ratkaneously. This question becomes
especially important in the 4G approach integrating severareliffair interfaces. The definition of
the air interfaces to run simultaneously is on the one hand coupledhwitiser experience that
should be fulfilled with the system and on the other hand limited bynieasl constraints in the
system implementation. The ideal case of seamless interwookiad) networks would require a
smooth vertical handover, i.e. a handover from one access technologgthera The error-free
operation of horizontal handover is anyway assumed.

To be able to perform a vertical handover, especially when it sheutdssible that the terminal can
initiate it, required that at least capability of the termioamonitor some or all of the available radio
systems. But in certain cases several access technologiedohbe active at the same time. Latter
case puts hard constraints on the minimum radio access capaliitiee terminal. But even in
mobile terminals nowadays, different air interfaces are indepdpdeciive at the same time in
particular use cases — even without the 4G seamless interworking.

Building the bridge between the high level use case scenarios and therapadlthat these have for
the physical layer implementation of the future 4G terminal iseasy to do. Therefore before doing
this transfer here it is important to check for existing definitions. Thougk séthese definitions are

also subject to change and rather functioning as temporary worlsaogpsons to continue further

research before having a stable scenario defined that has proven to fit to thesise cas

In the feasibility study for (OFDM) for UTRAN enhancement [3G_258&8?]nitial reference system
configuration is proposed to evaluate an OFDM downlink. In the proposed watiogn, new data
services are provided through the use of a separate 5 MHz dowatidr csupporting the OFDM
HS-DSCH transmission. The reference architecture is shown in Figure 4.4.

In the described scenario the separate OFDM DL carrier ieigoeusing HSDPA features, such as
link adaptation and HARQ. At this stage, it is assumed that nietaamess is performed through the
WCDMA architecture, and handover to the OFDM carrier occurs, whedede for interactive
background and streaming data services. In this case, a UE WIEIMCHS-DSCH receiving
capabilities would also have WCDMA receiving capabilities.He first stage, the WCDMA link
would be used to achieve the initial network access. However, when there is amequfoe high bit
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rate traffic, the HS-DSCH mode may be initiated, using either the MICDL carrier or the separate
OFDM DL carrier [3G_25892].

Based on this initial reference scenario, a UE with OFDM K&B receiving capabilities is_not
required to receive the WCDMA and OFDM carriers simultaneoUstis implies that, if there is a
need for real time services, such as voice communications supported dm\ICDMA carrier, the
UE would use the WCDMA mode. Note however that if OFDM proves toskéul in the HS-DSCH
scenario, other services could also be mapped to the OFDM downlimtuie fvork. In the proposed
configuration, the current UMTS uplink carrier is reused and is derei to have sufficient capacity
to support either a Rel 5 WCDMA DL carrier, or the separatBM@PL carrier. There is no special
assumption about the separate carrier frequency [3G_25892].

Node B
_ . OFDM downlink
WCDMA uplink WCDMA downlink (HSDPA only)
! -
UE

Figure 4.4: Network deployment for the OFDM HS-DSCH transmission [3G_25892]

In the IST-Project MATRICE also some assumptions had to be madaydeein this project the
simple transition from 3G terminal to a new 4G air interfacetiaon MC-CDMA is a central driver.
So it is inevitable to define in which cases simultaneous user ahtarfaces is demanded. In
MATRCE two correlating issues have been defined separately,ightte general number of
supported air interfaces and the number of simultaneously used ones [MAT_D1.4]:

«  Number of Implemented air-interfaces: Future terminals needuppost a multitude of
different air-interfaces. Simple and thus cost efficient solutieilk start with two air-
interfaces (UMTS/2xMC-CDMA). More complex and more expensive itexi® will have
more than two interfaces (UMTS/8xMC-CDMA/GPRS/WLAN ...).

e Simultaneous use of air-interfaces: An important factor for tds¢ af a terminal will be the
capability of having more than one simultaneously active air caonegsing different air-
interfaces. Simple and cheap terminals will not support this featereas the high end
terminals will need to implement at least two simultaneoustive connections (e.g.: MC-
CDMA — WLAN)

Here by introducing terminals of different capabilities (and thosyplexity) a very important
distinction has been made. It can hardly be defined for all termimbish air interfaces are
implemented at all and, in case several are implemented, whictheofi have to operate
simultaneously and between which air interfaces, vertical handiageto be considered with all the
required monitoring capabilities that the physical layer has to provide for it.

4.4.2 Architecture Extension Approaches

The 4G visions are very speculative for the moment. When analysirigt of potential candidates it
can be easily foreseen that in all kinds of extension the OFBimsyplays an important role. It is
under discussion for 3G extensions in the standardisation forum 3GPP, i.dat B3&ready used in
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different kinds of air interfaces like WLAN, DVB, DAB. It imvestigated in projects looking for a
suitable air interface for personal area networks. AdditionalBrGDMA based air interfaces, which
are under discussion for 4G and PAN systems apply the basic prin€iQIEDM to generate the
multiple sub-carriers within the given frequency band.

Because of this penetration of OFDM throughout such different commiamicatandards it is
especially investigated here how far the MUMOR baseband asthitecan be extended towards
OFDM support. Technical details will be investigated in this drafdthe existing WLAN standard
IEEE 802.11a based on OFDM has been selected as example systdrmowimgsapproaches to
extend the CDMA based MUMOR baseband architecture. Even if bothaaeel on different access
schemes (CDMA vs. OFDM), algorithm adaptation and resource sharsgffering potential
optimisation possibilities. The idea is to reuse part of the haedweaources for both systems. There
are different possibilities for supporting this kind of resourceisgathis means that the flexible re-
configurable architecture currently supporting the different modéiseoBGPP system UMTS/FDD,
UMTS/TDD and HSDPA/FDD will be extended in a way that ibat&n support the IEEE 802.11a
standard efficiently. To extend the functionality of the MUMOR digibaseband the same
approaches shall be applied. The most critical parts of the diggaband will be investigated, where
“critical” means the most complex components, which are assumed tatexpeather in hardware
than in software. This is important to be mentioned because the compopentsing purely in
software typically offer more flexibility inherently. Though evsre multi-mode optimisation can be
applied, e.g. by code sharing (same procedures or objects used in the different moglsbadng of
the memory.

As discussed above re-configurable systems will be the enaldoimdlogy sharing hardware
resources for different purposes. Reconfiguration, here, means usisanieehardware platform for
both standards, with as little standard specific hardware as mod3ddicated hardware is developed
for common structures of two different standards UMTS and WLAN edwerdifferences are
accommodated by reconfiguration. Dedicated hardware acceleratersused to free the
microprocessor and/or DSP from doing complex and performance intersisglatons. The
accelerator will do the operations, running autonomously without intenacfrom the
microprocessor/DSP. The possibilities to share resources for Ul WLAN have been
investigated in the MUMOR project. In the deliverable [M_D3.5]dhproach for one accelerator for
the 3GPP system has been introduced, together with the generalchpimroaccelerators. However
this deliverable has the dissemination level “restricted” so here a shoduation to the basic idea.

Co-Pro| e« Co-Processor
cessor —Tight coupling with DSP/uP
1 —Extension of the instruction set
WP/ —Specific to a DSP/uP
DMA i« RAM DSP —Effects DSP/uP pipeline execution

» Accelerator/ASIP

. —Loose coupling with DSP/uP

S i .| Accele- [|].,: —Own set of instructions

‘R rator (9 —Independent of DSP/uP

—Autonomous operation
Figure4.5: Architecturewith accelerator

The extensions to the processor are here referred to as hardeseraors. These accelerators have
to be both flexible and autonomous. The flexibility is required to supportlitfexent operating
modes of the multi-mode system. Thus the same hardware camopeifdtions for more than just one
mode, however not being as flexible as a microprocessor. Furthermeoaedelerator cells have to
work as autonomous as possible to reduce the number of disturbances,eireptisit of the
controlling processor. Only a reduction of these disturbances to aumingan prevent the hosting
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microprocessor from getting inefficient, because each interrumesaa control overhead. This
property is the major difference between an accelerator or §iplication Specific Instruction-Set
Processor) and a co-processor (Figure 4.6).
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Figure4.6: UMTSand WLAN downlink terminal receiver digital baseband

In the following sections a selection of complex components will bestigated in terms of their
multi-mode capabilities. The approach is to use the same (typedgofjthms for the functions in
CDMA and OFDM based system, where one “type of” algorithm mgwsatst can be executed on the
same hardware with a certain degree of re-configuration pose#ilThroughout the multi-mode
optimisations carried out in MUMOR the starting point always heen a high abstraction namely
algorithm selection (see Figure 1.1). This approach has been chosesebacaell-selected set of
algorithms to be executed in the terminal offers the best poseibild optimise the hardware for
multi-mode operation. For this reason the subsequent chapters take @nldoé extension of the
current MUMOR baseband —the 3GPP modes— from algorithm selectiongboirdw. When the
algorithms are well selected, the lower level (Functional amglementation Architecture)
optimisations can be done for MUMOR extensions in a similar wayitasin the previous MUMOR
research.

4.4.2.1 Frequency Synchronisation

Frequency Synchronization is necessary in digital communicatioiveesen order to compensate
the imperfections of the analog oscillators from the front-end and the &dpgiuency originated by
movements of the mobile user. These effects would result inecdraquency offset, which is
characterized by the rotation of the constellation points, prohibitingeftre the use of larger
constellation alphabets. In the case of OFDM systems, the freqa#iset/ disturbs the orthogonality
between the sub-carriers causing intercarrier interference.

The frequency synchronization scheme comprehends two parts: estiofatierfrequency offset and
its compensation. In the scope of this project the frequency estinsdtould be able to detect offsets
as high as 20 kHz for UMTS and 50 kHz for WLAN. For this purpose, sffitéent algorithms are
available and they can be classified into three basic groups:

- FFT-Based Algorithms
- Phase Increment Based Algorithms

- Autocorrelation Based Algorithms
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In all the algorithms above, the resources used for estimatitre dfequency deviation are the short
training symbols (STS) of the WLAN preamble and the common phanmel (CPICH) for the
UMTS/FDD case.

For the FFT-based algorithm case the block diagram of the freg@erar estimator is shown in
Figure 4.7. In this figure, the block Sorter is used to form theoxe¢rzero-padding to 64) with the
samples that have the same positions within each short symbolothe“BUM” is used only in
WLAN mode and the signal Mode selects whether the estimabaing used in the UMTS/FDD or
WLAN mode.

CPICH Demitendir

(UMTS) L':-|.|Lr.lLL| M -l l
Seria Max. Search

U e —= 04 = -] — & carch/| fe

X Parallel Quad. Interpol

Preamble _
——n Sorter

(WLAN)

Mode Mode

Figure4.7: Block diagram of the UMTS-WLAN FFT based frequency estimator

The drawback of this FFT estimator is the quite high computatirireanents: a 64- point FFT has
to be performed for every frequency estimation in UMTS/FDD andMbAN the same has to be
performed up to 16 times. Not forgetting that this should be added to alenvim Search and
Quadratic Interpolation procedures. Consequently, the use of the FHRWatesticould only be
justified by the exploitation of the already implemented FFT forQR®M modulation and, when
this is the case, by its superior performance in comparison toestigation methods. Recalling the
former reason, it is well known that not only the used area, buttldsmumber of operations
(translated into power consumption and required processing speed) plagpaatant role in the
VLSI design. Thus, simpler phase increment based estimatorsiagetg be studied in this section.
Basically, these algorithms solve the problem of estimatiomefrequency offset through a linear
regression, like the Phase Increment Based Estimator (Figure 4.8).

l: K)
Wi

CPICH
— i
(UMTS)

Despreader

0% arg(s)
(CORDIC)

1
b
|_
1

Preamble
—

n Sorter
(WLAN) i

Mode

Figure 4.8: Block diagram of the UM TS-WLAN phase increment frequency estimator

The block arg(.) can be implemented using the CORDIC algorithnthendlock is used only in the
WLAN mode and its function is averaging over the sample positions within an STS.

The Autocorrelation Based Estimators consists in an improvemetiteophase increment based
algorithms. The problem here is condensed in determining the mean aflthed Gaussian noise
process.

Once that the frequency error was determined using any of thedse dfi algorithms, this error must
be compensated digitally. This compensation can be carried out @éd-dofevard or feedback way.
Here, frequency compensation schemes for UMTS/FDD (Figure 4.9) andNWFigure 4.10) are
presented.
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Figure 4.9: UMTS/FDD Frequency Synchronization Scheme
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Figure 4.10: WLAN Frequency Synchronization Scheme

4.4.2.2 Channel Estimation

The signal incoming at the receiver through the wireless chaonsists in attenuated, phase-shifted
and time-delayed replicas of the transmitted signal. In orderoegs the received signal correctly,
the receiver has to compensate for this distortions caused bigheet. This compensation is only
possible if necessary characteristics of the channel aralaleain the receiver. Therefore results the
necessity of channel acquisition units in the receiving part.

From the algorithmic point of view, one can observe that in the chastielation the differences
between the receivers of UMTS/FDD and WLAN become most eisibVhile for WLAN
applications a quasi-static estimation scheme is sufficient)M¥ES/FDD Rake based receiver has to
be designed to cope with very dynamic scenarios and thus refined kchacking algorithms are
required. In this section, the channel estimation algorithms for betarsy are going to be analysed
together with multi-standard implementation aspects.

The WLAN channel estimation must be performed by the beginning bf ket with the help of
the long training symbols (LTS) from the preamble and the restiltbe estimation are used to
correct the received data for the rest of the packet. Theréwarways to perform this estimation:
before the FFT (time domain, TD) and after the FFT (frequency domain, FD).

The theoretical analysis of these two kinds of estimators h@asnsthat performance of the TD
estimator is better than the FD estimator. Figure 4.11 shows jpadson between the estimates in
terms of bit-error-rate (BER) to reinforce theoretical rssulfhe channel used in this simulation is a
Rayleigh channel with exponential power delay profile and the assunptiame that the channel is
practically constant during a packet. The constellation used foanhiysis is 16-QAM. As it can be
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observed, the TD estimation provides a gain of about 1 dB againsbtbstimation. In UMTS/FDD
the receiver scheme used to combat the distortion effects aidhie channel is the Rake receiver
that has been used in the MUMOR baseband architecture.

— = 7D Estimation |\
— FD Estimation |;

uncoded BER
P
W
T
i

21 22 23 24 25 26 27 28 29
SNR [dB]

Figure4.11: Channel Estimation Performance for WLAN: Time Domain vs. Frequency Domain

One might now be asking how to achieve a multi-standard implenwentat the channel estimation/
equalization algorithms in such disparate circumstances, where tHmaigorithmic point of view,
the channel estimation for WLAN is performed using blocks of sanfil@Ss), and for UMTS,
snapshots of the channel have to be taken and noise/interference redticedes have to be
provided for every new incoming symbol. Unfortunately, the paramatenmsapproach that was used
for the multi-standard frequency synchronization cannot be employed $iroe, no common
algorithms in the separate channel estimation architectures bdesre found that provide enough
accuracy for feasible complexity.

The solution to this problem can be found by “zooming into the differentitigs” and taking a
look at the mathematical operations and hardware structures ceQuitbe architectures in question.
The channel estimation for WLAN consists in a simple matrotaremultiplication. In the Rake
receiver, the interference canceller, the Wiener filter &eddelay acquisition are architectures that
use vector-vector, vector-matrix and matrix-matrix multiplimasi in their implementation. All these
operations have a common core operation, viz multiply and accumula&€)(Mrhese MAC
operations can be implemented using processing elements and thugtbperations of the separate
algorithms can be implemented together taking advantage of ¢bafigurability provided by the
hardware accelerator structure. Therefore, a convenient restiaroegsmulti- standard architecture
can be targeted.

Naturally this fine coarse granular reconfiguration requiregggebicontrol overhead than solutions
applying the same algorithm with different parameters. Nevedbereducing the number of
implementations of the mighty MAC operation is typically worth th&ort in terms of
implementation optimisation.

4.4.2.3 Fast Fourier Transform (FFT)

Beside the specific algorithm comparison targeting at findingtisols that suit both UMTS and
WLAN system there are a general HW optimisation possibléhdrspecific case discussed here the
application of a CORDIC component can be used to support the UMTS aWd thd system for
different purposes.
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For increasing the flexibility of the FFT operations, e.g. to suppaida number of different FFT
lengths with the same hardware, a pure CORDIC based architéattine calculation of the FFT can
be applied. The performance of this approach can compete with the ordit®@/ based
implementation, although the main advantage is the possibility toeingpit the FFT on a
reconfigurable CORDIC processor array.

As an additional benefit this array can also be used for othey sask as a substitute for the Rake
receiver in UMTS terminals. It has also been shown that tlet ifghe CORDIC based architecture
is much more accurate than that of the MAC approach. Thus a solutiepléace the MAC based
FFT computation of the DFT by a solely CORDIC based FFT wilflsnand useful. Previous DFT
implementations also used CORDICs for parts of the calculationsobdibr the entire computation.
It was already shown that the Rake receiver can be replacadd®RDIC based algorithm, which
even results in a better performance. A way to implement th&84used in the WLAN baseband is
presented on the same architecture as used for the Rake a#ewititout a significant performance
loss.

An eight point FFT leads to the network shown in Figure 4.12. A com@lEt€T based on CORDIC
operations is shown in Figure 4.13.
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Figuré4.12: Regular. FFT impleméntation
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Figure 4.13: CORDIC based FFT

Comparison of the complexity: If N is the size of the FFT, the number of CORDIC operati
OPCORDIC =3N 2 (IOgZ(N) 1) +2

The same architecture used to implement the CORDIC array patss/ides a MAC processing
element. This PE needs

OPMAC = (N + 2) IOgZ(N)
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activations for an FFT of size N. These two functions are compargigure 4.14. It can be seen that
for small FFT sizes the operation countda#c is even lower than for Qf2c. For the 64-FFT used
in a WLAN receiver OBorpic is 482 and Ofxc is 396. When implementing two parallel PEs these
numbers can be halved to get the number of accelerator activét@fidor the MAC, 241 for the
CORDIC). So the CORDIC based FFT is slightly slower tharMA€ based implementation, but on
the other hand one CORDIC based reconfigurable hardware architeeiireow be used to

implement the FFT for WLAN and the Rake substitute for UMTS.
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Figure 4.14: Number of PE activationsfor MAC and Cordic based FFTs
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5 Summary and Conclusion

For the digital baseband processing the focus of the system extehsi®nzeen set on OFDM
technologies in general and the WLAN system in particular. ligaiins have shown that the
OFDM system is already well present in existing air iategs for different purposes (local area data
and broadcasting networks). Additionally OFDM and MC-CDMA with OFDdd underlying
technology is under investigation for personal area networks and —more important-efdeB8€§ions.

Thus no matter if the 4G vision is heading towards a new systdmawledicated air interface or if
the vision rather aims at the integration of several exigtingterfaces OFDM can be understood as
a “constant factor”, meaning that when considering the extension oMtlRIOR baseband
architecture the first parameter to think about is an extension towards OFDM.

Therefore general aspects for supporting OFDM with the MUMOBhitecture have been
investigated. During this investigation the strategy for mmtide optimisations, which has been
applied during the entire project, has been also applied here. Theggtmcludes the high level
considerations throughout the optimisation. In particular this impliesireg the optimisation on
higher level that is already at the algorithm selection phiiggire 1.1 points out this strategy
showing that on this level major impact on the final implementatitirboe made — either explicit or
implicit. The selection of similar algorithms is an enabler rfarti-mode optimisation on the final
implementation. Consequently this report targets at showing the pitissibof using similar
algorithms for the system investigated during MUMOR and the patenttensions. Optimisations of
the implementation details have not been investigated here. Thougtanie accelerator based
approach that has been applied for the 3GPP multi-mode baseband can a@kended for any
system as long as similar algorithms can be applied. Latter has been shownreipatttis r
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