A Multiple Access Communication System Field and Background of the

I nvention This invention relates to a multiple access communication system
parti cul avbyotmiscwat excl usively, to nethod and device fPom/sakimoationg
system bandw dth of the multiple access comunication system Conventional
orthogonal frequency division multiplexing (OFDM systens generally enpl oy
a super-heterodyne architecture in which the up/down converters operate in

adgtal domain. A i AMGIASI RS CoRmbidditor SugIR on | S Baseband >

| F (Internmedi ate Frequency) -> RF (Radi o Frequency) Is is performed so
that the in-phase/quadrature-phase (1/Q nodul ation/denodul ation may be
perfectly perforned. In order to reduce the nunber of components required

in the no i 0 é dul at.i rocess and thus | ower cost requirenents, an
al ter natlsséje@ ‘ﬂ E?l'ﬂgt‘g%gﬂmée ﬁen. tecture was devel oped. This is the
zero-internediate frequency (Zero-1F) architecture, otherw se known as
direct conversion architecture, in which the RF signal is directly

converted to baseband, and vice versa, in the anal og domain. In other
wor ds, SBaddithinvention relates to a multiple access communication system, particularly

but not exclusively, to method and device for allocating system bandwidth of the

multiple access communication system.

Conventional orthogonal frequency division multiplexing (OFDM) systems

10 generally employ a super-heterodyne architecture in which the up/down
converters operate in a digital domain. A simple representation of the
conversion is: Baseband -> IF (Intermediate Frequency) -> RF (Radio
Frequency). This is performed so that the in-phase/quadrature-phase (1/Q)
modulation/demodulation may be perfectly performed.

15
In order to reduce the number of components required in the
modulation/demodulation process and thus lower cost requirements, an
alternative to the super-heterodyne architecture was developed. This is the
zero-intermediate frequency (Zero-IF) architecture, otherwise known as direct

20 conversion architecture, in which the RF signal is directly converted to
baseband, and vice versa, in the analog domain. In other words, Basedband ->
RF and vice versa. While this low-cost alternative has the advantage of reduced
hardware complexity, a major drawback to it is the introduction of 1/Q imbalance.

Generally speaking, there are two types of I/Q imbalances and the difference



RF and vice versa. Wiile this Iowcost alternative has the advantage of
reduced hardware conplexity, a major drawback to it is the introduction of
I/ Q i nbalwocelo/Geer al | y speaki ng, there are two types eCTISGQuIwbalances
and the differencelies in whether it is a function of frequency or

otherw se, i.e. frequencyindependent and frequency-dependent. The source
and m)del | ng of these two types of 1/Qinbalances are quite different. The
forner, guenc |nde nden 8(‘ % ance is a result of hardvvare

i naccur ac;} ?n'"t el”?ﬁfa l?sé’l dr?gumepéo"tﬁﬁ“’élsﬁhé@e freayRiiayn and

an anplitude msmatch. The latter, frequency-dependent 1/Q inbal ance, is
i nt r oduceéndspendent ae@draﬂ@@pémgnwnbmﬁ aqlrlcevambn‘@dehngqufth@sestwcb ow
pass filters and anal og/digital converters) and is nodeled as a tinme

| npul se r égpEsnsil/@iistmalaricesrarehguite difieréhto Taedberser, Trepency snaésdreient ot
only attenuate the desired signal, but also introduce inter-carrier

i nterf er eyceirAbalbhge Ois@rreﬁubéﬁhércﬁﬁéreaﬂﬁc@mc fiM thel15€al d4ilatoeaRatis Wor K
has been focused on the desi gn of efficient esftimati on and conpensati on
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especially 1n e cont ext of 5|ng e- antenna
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quality (including low noise ampilifiers, low pass filters and analog/digital converters)

and is modeled as a time impulse response mismatch on the | and Q branches.

These mismatches not only attenuate the desired signal, but also introduce

10 inter-carrier interference on the other subcarriers and amplify noise.

Much recent work has been focused on the design of efficient estimation and
compensation algorithms for transmit and receive 1/Q imbalances in various
settings, especially in the context of single-antenna OFDM systems. These prior
15 contributions to the field are based on the understanding that transmit and
receive |/Q imbalances are channel impairments that degrade the signal quality
and system performance and that interferences generated by the imbalances

should be suppressed.

20 Summary of the Invention

In general terms, the present invention proposes a resource block allocation

method and apparatus which exploits the 1/Q imbalances to achieve diversity



and system performance and that interferences generated by the inbal ances
shoul d be suppressed. Summary of the Invention In general terns, the
present iwWoentomERpr oposes a resource bl ock all ocati on merlsedomrdosappar at us
whi ch exploits the 1/Q inbalances to achieve diversitygain. In other words,
the invention nmakes use of the 1/Q inb%lances rather than attenpts to
mtigate or suppress the inbal ances. According to a first specific
expression of the invention, there is provided a nmethod of allocating

syst em ba@ain- df Rthar words) thepinventien FrkesHamelcthe (R impatanges satheptharal ity
of conmmuni cati on devices, the nethod conprising, (i) dividing at |east part
of the systtemptataimitigaie op shippressdseimbalamcesks anongst which there is one
or nore pairs of the resource blocks symetric to a carrier frequency; (ii)
selectively allocating the one or nore resource block pairs to one or
respective ones of the plurality of comrunication devices. Wth the

proposed pRIpRAnG® Qeﬁ&réédxegﬁiciékptr@&i&fgﬁmeeﬂlveﬁﬁé‘ﬁ,!tﬁaeﬁ@pr,bbs'uégeanabl es the

descri bed e nt to oit "any | | mbal ance in the 'signal to achieve

di versity ' e, pai . b e 1.9 _he
diver sity 68k oF AREE(TRYs, R HERGORGH S mEfii S8HESS A ARlfidatio
system to a plurality of communication devices, the method comprising,
(i) dividing at least part of the system bandwidth to form resource blocks
amongst which there is one or more pairs of the resource blocks symmetric to a

carrier frequency; (ii) selectively allocating the one or more resource block pairs

10 to one or respective ones of the plurality of communication devices.

With the proposed method as described in the detailed description, this enables
the described embodiment to exploit any 1/Q imbalance in the signal to achieve
diversity gain.

15
There may only be one pair of resource block to be allocated to two or more

‘communication devices, for example. In this case, it is still required to select
which of the two or more devices are allocated the resource block pair. It is-also
envisaged that the two or more communication devices share the resource

20  block pair. For example, at one time, one of the communication devices makes
use of the resource block pair and at another time, another communication
device makes use of the resource block pair. In this way, this ensures that the
communication devices are allocated a pair of resource block in order to exploit
any 1/Q imbalance to achieve diversity gain.

25



comuni cation devices, for exanple. In this case, it is still required to
sel ect which of the two or nore devices are allocated the resource bl ock
pair. It we2almsemavi saged that the two or nore communi eatrisero@@veses share
the resource bl ock pair. For exanple, at one time, one of the comunication
devi ces makes use of the resource block pair and at another tinme, another
communi cati on devi ce nmakes use of the resource block pair. In this way,
this ensures that the conmmunication devices are all ocated a aLf of

resour ce Brejerabiy, the srsouree Bigaksiqompise @ur%ﬁxpiﬁréswe%t?ﬁv@%e Rfiversity
gain. Preferably, the resource bl ocks conprise a plurality of frequency
bands. Theesoasmubloekbinothesoneor morenesarcerbloskmaisunay comirisei rs my
conprise a contiguous band of frequencies, or they nmay conprise one or nore

non cont i gatiguoRs AR ffedimes, o8 théydmanicaggnisel gne bhmarenbnd is used for
nore than one resource block pairs to be allocated. In this case, the

met hod ma ' IfgRi@nkhe. resources bl ocks of each resource bl ock
oA e dn

pair with on at |east one of: channel quality of the resource
bl ocks_and correl ation of the symretric resource bl ocks of the resource
bl ock %air. The nethod may al so include allocating each resource bl ock

airs based on the assigned values. In the alternative, i i .
P Advantageougiy, th% method is used for more than one resource %loci pairs to

be allocated. in this case, the method may comprise assigning the resources
blocks of each resource block pair with a value based on at least one of:
channel quality of the resource blocks and correlation of the symmetric resource
10 blocks of the resource block pair. The method may aiso include allocating each
resource block pairs based on the assigned values. In the alternative, it is
envisaged that not all the resource block pairs assigned with values are |
allocated in pair to users. For example, if the system bandwidth comprises four
resource blocks forming two pairs of resource biocks, it is envisaged that one of
15 the pairs are allocated to a user (based on the assigned values) while the other
pavir may be allocated in a convention manner, for example with each resource
block assigned to a user. Thus, at least one of the assigned resource blocks is

allocated, and may not be all.

20  As an alternative, the method may comprise the step of allocating a resource
block pair from the more than one resource block pairs which is closer to the
edges of the system bandwidth to one of the plurality of communication devices

which produce signals with greater in-phase/quadrature phase imbalances (I/Q

imbalances).



envi saged that not all the resource block pairs assigned wth values are
allocated in pair to users. For exanple, if the system bandw dth conpri ses
four resowoeeldnsemks form ng two pairs of resource bl oclesr/siGzodomo@nyi saged
that one of the pairs are allocated to a user (based on the assigned

val ues) while the other pair may be al Isocat ed in a convention manner, for
exanple with each resource bl ock assigned to a user. Thus, at |east one of
t he assigned resource blocks is allocated, and may not be all. As an
alternative, the nmethod may conprise the step of allocating a resource

bl ock pair fromthe nore than one resource block pairs which is closer to
t he edges Infa fulthes yké¢rmatibe tthei Méthod onay éurtiertdoenprisey; priot jo stepddnmuni cati on
devi ces whi ch produce signals with greater in-phase/quadrature phase

i mbal ancesgréﬂ:éiﬁgitﬁ@@hﬁ@ﬁ’(?i?f-cb%rﬁuﬁiééﬁ&?ﬂe@ibb@fb%@éﬁ v@, hdwehdiet hod nay
further conprise, prior to step (i), grouping the plurality of

conmmuni cat | ' : | 1 ; | ' I
convert ed (HeSPEBENIGRIE aréBonihed i R EHEA S M A Al Riffer
groupi ng sel ected,ones of the.pluraljity of conmunicati devices . .as a first
oroup 1Y TS Be e kg P aegtes e BF PR PeRb R R BRband o
radi o frequency; and grouping sel ected ones of the plurali ta/, of
devices as a first group if the corresponding signals are converted directly from

baseband to radio frequency; and grouping selected ones of the plurality of
communication devices as a second group if the corresponding signals are
converted based on the super-heterodyne architecture; and allocating the

10 plurality of resource block pairs based on the groupings.

Preferably, the first group is allocated resource block pairs near the edge of the

bandwidth to be allocated.

15 The entire system bandwidth may be divided in step (i). Alternatively, only a
portion of the system bandwidth is divided and allocated based on the above
method, and the other portion is allocated to communication devices in a

conventional manner. This may be regarded as a “hybrid” allocation method.

20 The plurality of communication devices may use OFDM for signal transmission.

The methods discussed above may be used by a base station for

communication with a plurality of communication devices, such as in a cellular

network or other communications network.



communi cation devices as a second group if the corresponding signals are
converted based on the super-heterodyne architecture; and allocating the
pl ural it ywofwreseence bl ock pairs based on the groupi ngecTRGRImabby, the
first group is allocated resource block pairs near the edge of the

bandwi dth to be allocated. The entire gystem bandwi dth may be divided in
step (i). Alternatively, only a portion of the system bandwi dth is divided
and al |l ocated based on the above nmethod, and the other portion is allocated
to communi cation devices in a conventional manner. This nmay be regarded as
a "hybrid" allocation nethod. The plurality of comunication devices nmay
use OFDM lhor setamhspedifimexnpression.of the inkentiodstheire inprovidethaweethey obe used
by a base station for communication with a plurality of comrunication

devi ces, proebssingisigrals firlatezeivee bivardonemunidadion deviven e tomnsumnieatioor k. 1 n a
second specific expression of the invention, there is provided a method of

processi ngegtd g@l@ 6&5 ofa PRE|ItY F c@Fnrﬂuﬁn@ﬁﬂb'rﬁ‘ ueafbegrh ﬁﬁmuﬁ?le adtss
conmuni cat i on evice bei ng one of a p ur al |ty of comruni cati on devices in a

e AR A RO T B SR st oot
whi ch t heéanéwxdﬁ\ngemg divided to form resource blocks amongst which there is one or
more pairs of resource blocks symmetric to a carrier frequency which are
allocated to one or respective ones of the plurality of communication devices,
the communication device being allocated a first resource block pair from the
10  one or more resource block pairs, the method comprising the steps of:
receiving the signals which are carried in the one or more resource block pairs,
the received signals including signals intended for the plurality of
communication devices;
demapping the received signals to extract signais only from the allocated first
15 resource block pair; and
recovering originals signals for the communication device based on the

demapped signals.

The first resource block pair may comprise a contiguous band of frequencies.
20  The recovering step may include processing of the signal by one of: a maximum
likelihood (ML) detector, an ordered successive interference cancellation

(OSIC) detector, or an iterative detector.



nore pairs of resource blocks symmetric to a carrier frequency which are
all ocated to one or respective ones of the plurality of comunication
devi ces, wbeonasmeni cati on device being all ocated a fireCTiSega9reeodl ock
pair fromthe one or nore resource block pairs, the nmethod conprising the
steps of: receiving the signals which e carried in the one or nore
resource block pairs, the received signals including signals intended for
t he pIuraIitémPf conmmuni cati on qgvice_; demappi ng the received signals to

extract sifyRAMENBHESHON GRNIES BN PSHEAREGHTEA 1 FOMBIHiERIS Wit aKbass: statiohd
recovering originals signals for the communi cati on device based on the
demapped sicgarding tate methnd pbibhesacendl spekifipaixpressjor ofritive skove teatureguous
band of frequencies. The recovering step may include processing of the
signal by one of: a maximumlikelihood (M) detector, an ordered successive
i nterference cancellation (OSIC) detector, or an iterative detector. A

communi catd egmARMiCRidFPYetidre Aly GiY b A50\eOBIHYISfinY LRk Hrase station
according to the nmethod of the second specific expression of the above

‘;reat Ures. dawHiEShALhRBOR bPFMdre TS P SigABPHERIRIRARS 1Eirdigy up! i nk

envisaged that the method may be implemented as an integrated circuit which

forms the third and fourth specific expressions of the invention as follows:

In a third specific expression of the invention, there is provided an integrated
10  circuit (IC) for a multiple access communication system configured for allocating
system bandwidth of the communication system , the IC comprising:
(i) a processing unit configured to divide at least part of the system bandwidth to
form resource blocks amongst which there is one or more pairs of the resource
blocks symmetric to a carrier frequency, selectively allocating the one or more
15 resource block pairs to one or respective ones of the plurality of communication

devices. Such an IC may be used in a base station.

In a fourth specific expression of the invention, there is provided an integrated
circuit (IC) for a multiple access communication system configured for

20  processing signals for a receiver of a communication device, the communication
device being one of a plurality of communication devices in a multiple access
communication system having a system bandwidth, at least part of the system
bandwidth being divided to form resource blocks amongst which there is one or

more pairs of resource blocks symmetric to a carrier frequency which are



downl i nk communi cation or nore generally for signal transmssion. It is

al so envisaged that the nethod nay be inplenented as an integrated circuit
whi ch f orwe 20toesstesr d and fourth specific expressions ofCrise200mentd on as
follows: In a third specific expression of the invention, there is provided
an integrated circuit (I1C for a nultiqge access communi cation system
configured for allocating system bandwi dth of the communi cati on system,
the IC comprising: (i) a processing unit configured to divide at |east part
of the sysﬁ"@ﬁ?tﬁgﬁﬁ\ﬂnmcﬂ regpeciive eresooltbe puwdilsofeammsnioation devicese is one
or nore pairs of the resource blocks symetric to a carrier frequency,

sel ect i velthe gbimpaunicatipn device betny altncatecba diustaesblireelblpek pair fronothe or
respective ones of the plurality of comrunication devices. Such an | C may

be used i rore draneresicabufdd bibk palireUheCsifipfisigexpr ession of the
I nvention, there is provided an integrated circuit (1C) for a nultiple

access co @chgé% %nﬁ%ﬁwﬁﬁh l(?ffeq/‘tfoi RUERAE the rsriTtﬁLa(?é: %?éh(?%ei&ea&flgé ?rb{h%r ofe

receiver of a nicatio I ce, the co ni catl elng one of a
plurality of | lon devices in a nultiple access conmunication
syst emshavoﬁrﬁgrgmﬂé g%f%gﬁ%%ﬁ%ﬁkrﬁa@t ﬂ?%?scte'\f%f?gﬂg]st' éugk’l‘gtségﬂ%%ndw dt h
bei ng di vi.ded tg foLm res?,urce bl ocks anmobngst which there is one or
intended for the plurality of communication devices; demap the received signals
to extract signals only from the allocated first resource block pair; and
recover originals signals for the communication device based on the demapped
signals. Such an IC may be used in a communication device.

10

Brief Description of the Drawings

In order that the invention may be fully understood and readily put into practical
effect there shall now be described by way of non-limitative example only, an
15 exemplary embodiment of which the description is provided below with

reference to the accompanying illustrative drawings in which:

Figure 1 is a schematic diagram showing a part of an OFDM transmitter for
transmitting a complex signal which has transmit 1/Q imbalance:

20  Figure 2 is a graph showing average minimum Euclidean distances of a first
data subcarrier and a single subcérrier counterpart;
Figure 3 is a graph showing average BERs for 16-QAM modulation of various

detection schemes in a frequency selective channel:



nore pairs of resource blocks symmetric to a carrier frequency which
areal l ocated to one or respective ones of the plurality of comunication
devi ces, wbeomasmeai cation device being allocated a fir@CTsezasneeodl ock
pair fromthe one or nore resource block pairs, the IC conprising a
processing unit configured to receive tge signals which are carried in the
one or nore of the resource block pairs? the received signals including
signals intended for the plurality of conmunication devices; demap the
recei ved s7'gHmE 41 8 GEaRh §€@W@thala§ebﬁlﬂl® BiaRsior K SK Innedutlatibrf of tie r esour ce
bl ock pair; and recover originals signals for the comunication device
based on tdrieciomapgwines ghBigsre Sirh tgpicalurban deanmeed in a communi cation
device. Brief Description of the Drawings In order that the invention may

be fully Ufideress iod grapsh skeWingyaverigd BERSHCIE-QAM ﬁf&o%?étio‘rnr;tﬁftﬁeSha' | now

be described by way of non-limtative exanple only, an exe ary enbodi nent

of whi ch tditeliRRsitmadol FioBeYiaH ARION R ef ef ence to the

acconpanying illustrative difawm ngs 1n which: Figure 1 is a schematic
OEDM transmtter for trans

<o S R A BBk A R BB GimbShers BB HARRR
average m.fgi mJemuEIli'n l 6fd ggBPdf_%l%% SV?t% é)ljb-%ar'rlierrsr%apping or pairing to exploit the

1/Q imbalance of a transmitted signal;

Figures 7a and 7b illustrate known resource allocation methods;

Figure 7c illustrates a resource allocation method according to the preferred

10  embodiment of the present invention;

Figure 8 illustrates an existing LFDMA and clustered SC-FDMA resource block
allocation mapping;

Figure 9 is a flow chart illustrating the steps for allocating resources according
to the preferred embodiment of this invention;

15 Figure 10 is a graph showing Peak-to-Average Power Ratio (PAPR)
characteristics of various resource block allocation schemes with a pulse
shaping filter,;

Figure 11 is a graph showing Peak-to-Average Power Ratio (PAPR)
characteristics of various resource block allocation schemes without a pulse

20  shaping filter; |
Figure 12 is a graph showing average BER performance of a mobile terminal at

a cell edge in the uplink of 3GPP LTE-A.

Detailed Description of the Preferred Embodiment



data subcarrier and a single subcarrier counterpart;
showi ng average BERs for

Figure 3 is a graph
16- QAM nodul ati on of various detection schenes in

a frequerwy 28l086204ve channel ; Figure 4 is a graph show mgTiSiceomiersage BERS

for QPSK nodul ati on of the detection schenes of Figure 3 in a typical
channel ; Figure 5 is a graph showi ng a

ur ban

grage BERs for 16-QAM nodul ati on of

V,
the detection schenes of Figure 3 in an CAWGN channel ; Figure 6 is a block
di agram showi ng vari ous conponents of a SC-FDVA system for the uplink of

3GPP LTE-A with sub-carrier

of atransmtted signal; Figures 7a and 7b illustrate known resource

al | ocat i onl av@pprediate Fgyadeantages land themiedits of the poefctredadmbodinent, iret hod

accordi ng

i nventi on;
5
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20

mappi ng or pairing to exploit the 1/Q inbal ance

to the preferred enbodi nent of the present invention; Figure 8

i 11 ustrat agowld exasproptaletoegin dithl 4/§6séafsatemMAich WG SmBaRfHses.

al l ocation mapping; Figure 9 is a flowchart  illustrating the steps for

e A

the transmit 1/Q imbalance on the minimum Euclidean distance properties of an
optimal maximum likelihood detector (MLD) with and without 1/Q-based
subcarrier pairing. Next, the 1/Q-based subcarrier pairing is applied to an uplink
of Third Generation Partnership Project Long Term Evolution-Advanced (3GPP
LTE-A).

1) System Model with Transmit I/Q Imbalance

Figure 1 shows a system model and in this embodiment, this is a complex
signal transmission part 100 of a single-antenna OFDM transmitter (not shown)
with N subcarriers. in the ideal scenario, without any transmit I/Q imbalance,
the RF transmit signal y re(t) is expressed in terms of the baseband transmit
signal z(t) in the following way.
zrr(t) = R{z(t)exp (jwct)}

= R{RAz(®)} + 5T {z(t)}) (cos(wet) + j sin(wt))}

= R{z(t)} cos(wet) — T {a(t)} sin(wet) | (1)
where R {z(t)} and Z {z(t)} are the real and imaginary components of z(t),

respectively, and w, is the carrier frequency.

In the presence of frequency-independent transmit 1/Q imbalance, however, the



characteristics of various resource block allocation schenes wth a pul se
shaping filter; Figure 11 is a graph show ng Peak-to-Average Power Ratio
(PAPR) chwoaetoarss®ii cs of various resource bl ock all ocatrcoscel®ne® w t hout
a pul se shaping filter; Figure 12 is a graph show ng average BER
performance of a nobile termnal at a gell edge in the uplink of 3GPP
LTE-A. Detail ed Description of the Preferred Enbodi nent To appreci ate the

advant age i referred enbodi pent, i uld be

appr opr i aﬁﬁ%‘%@g%&héﬁ ?‘ﬁeéggﬁﬁﬁP8|a@?‘?&’%‘i’n"&{;ﬁ'ﬂ‘éﬁ%aﬁ“} B R ances. This
will be followed by a performance anal ysis section studying the inpact of
the trans fﬂ‘?mP?C%‘iiTn@faF*g‘?l‘@@ IR FIGWe Trbauatian Ehcmaydasn @Bs”ﬂ@ﬂ%@dé@ operties of
an optimal maxi mum | i kel i hood detector (M.D) with and without |/Q based
subcarri ebeganei ng. Next, the |/ Q based subcarrier pairing is applied to an
uplink of Third Generation Partnership Project Long Term Evol uti on- Advanced

(3GPP LTE- Arr(t) SyR arieNodet emi dob(wlt angii+ Z1{EQ) )} ibal @ e (Gitgupe) 1 shows a
system nodel and in this enbodinment, this is a conpl ex
5 and its baseband equivalent is given by
JTBB(t) = LPF{:cRp(t)exp(—jwct)}
= R{z()} (1 +er)cos(¢r) + I {z(t)} (1 - er) sin(¢r)

+iRA{z(®)} (1 + er) sin(¢r) + jZ{z(t)} (1 ~ er) cos(¢r) , (2)

where LPF{-} is the low pass filter operation that removes any replicas at +2w..
As a remark, for the purposes of this embodiment, the amplitude and phase

10  mismatches are constrained such that 0 <er <1and 0 < ¢r < 7/4.

Equation (2) can be further simplified by using the fact that
Riz(#)} = (z(t) +=*(t)) /2and I{z(t)} = —j (2(t) — z*(t)) /2

where (-)* is the complex conjugate transpose. This result in
15 zpp(t) = oagz(t) + Brz*(t),

where ar £ cos ¢r + jersin ¢ and Br £ er cos ¢r + j sin ¢7. The corresponding

frequency-domain baseband equivalent transmit signal on the kth subcarrier is

given by

Xpplk] = arX[k]+ BrX*[—k]
= arX[k]+BrX* [N -k~-1]. (3)

20 where k= Ng, Not+1... Nog+K-2, Ng+K-1, No+K+1, No+K+2... No+2K. 1t is noted

that we have assumed, as in most if not all multicarrier systems the total



signal transm ssion part 100 of a single-antenna OFDM transm tter (not
shown) with N subcarriers. In the ideal scenario, without any transmt I/Q
i mbal anceWO2BW/RB204r ansmit signal ¢ RF(t) is expressed PATSE209/08¢409 he
baseband transmt signal in the follow ng way. where are the real and

| magi nary conponents of c(t), respectivlgly, and wc is the carrier
frequency. In the presence of frequency-independent transmt 1/Q i nbal ance,
however, theRF transmt signal suffers froman anplitude m smatch et and a
phase nis 8ﬁ"f9crséyawﬁnﬁgﬁqﬁfmt@msmlisloeq%aniqyﬁn(numbefa%}(staémng)érorfbdified
to becone and its baseband equival ent is given by where LPF{-} is the |ow
pass filt dhe dhdh aubearrienather egnieckequencye piridirest aurrévdDCAsubcaeiesy k,  f or

t he purposes of this enbodi nent, the anplitude and phase m smatches are
const r ai neNp+uismat hised Fguadatadranshissien. be further sinplified by using the
fact that where ( )* is the conplex conjugate transpose. This result in
where The correspondi ng frequency-donai n baseband equi val ent transmt
signal on the kth subcarrier is

5  From equation (3), it can be observed that X[k] is interfered by the signal of the

image subcarrier, X[N — k — 1).

For X[k], X[N — k — 1] € M, where M is a set of all possible elements of a
modulation alphabet, the polar coordinate representation is considered such

10 that the representation takes value from one of the M complex constellation
points that are equi-probable, but with different amplitudes 1. (m) and

phases ¢, (m), i.e.,
X[k] = pplm) exp (jipr(m))
where € {|X[k]2} = ©=M_ i2(m)/M = 1forallk, m=1.2.....M . x =N,

15 Not1... No+K-2, No+K-1, No+K+1, No+K+2, Ng+2K+1., and £{} is the

expectation operator.

Let Yg5[k] denote the baseband equivalent receive signal. It is expressed in
terms of equation (3) as follows.
Ypplk] = H[k|Xpg[k]+ W[k]
20 = gTH[k]X[kl+§TH[k]X*[N -k -1+ Wk, 4)

v

S v
desired signal image signal and noise

where H{k]is the channel coefficient of the k-th subcarrier and it is modeled as

an independent and identically distributed (i.i.d.) complex Gaussian random



given by where . It is noted that we have assuned, as in nost if not all
multicarrier systens the total subcarriers available for data transm ssion

I s an eveworomnss202K starting fromthe No th subcarri er PCTIS€200m0bD@H09
frequency, o r direct current (DC) subcarrier, No+K is not used for data
transm ssion. Fromequation (3), it carn be observed that X[ k] is interfered
by the signal of the inage subcarrier, For where Mis a set of all possi bl e
el enents of a nodul ati on al phabet, the polar coordinate representation is
consi der e§aE@RIR Wilthzeron@ean @ndsanieace or (4 dklee, Wik|ie the additive vdfitet he M

conpl ex constellation points that are equi-probable, but with different

anpl i t udeSandigphasies (WMER) afithel subidaerienipand #lis AR iPBCEakPlex Lalssigrot e the
baseband equi val ent receive signal. It is expressed in terns of equation

(3) as folagym variable with zero mean and variance 2. Further, H([k] and WI[k] are
independent with each other. From equation (5), it is clear that the received

5 signal consists of not only the desired subcarrier scaled by or, but also the

image subcarrier scaled by 7.

In order to quantify the effect of these mismatches, consider the image rejection

ratio (IRR), given by:

lar|?
IRR =
|82

cos? ¢r + €2 sin? ¢y
€2 cos? ¢r + sin® pp

10

(5)

In an ideal scenario without transmit 1/Q imbalance, i.e., 7 = ¢ = 0, IRR is of

infinite value. in practice, the IRR value depends on the applications of interest,

and the typical value ranges from 30 dB to 80 dB.

15 Another alternative is to consider the receive
signal - to - interference - plus - noise ratio (SINR). Conditioned on the channel
coefficient H[k] and the amplitudes of constellation symbols of the image
subcarrier uy_,_1(m’), where m’ = 1,2,.... M, the sum of the image signal and
noise in equation (5) is a zero-mean complex Gaussian variable with

20 variance |BrH{k)|> 43 _,_,(m') + o2 . The receive SINR for one particular

realization of u,(m), i.e., the amplitude of one of the M constellation symbols

of X[k}, is given by



where is the channel coefficient of the A -th subcarrier and it is nodel ed

as an i ndependent and identically distributed (i.i.d.) conplex Gaussi an
randonvarwehkbm/ossioh zero mean and vari ance Al so, is thepraugicRooomoodst e
Gaussi an noise (AWGN) of the subcarrier k and it is an i.i.d. conplex

Gaussi an random variable with zero rrea? and variance Further, and are
I ndependent with each other. From equaﬁon (5), it is clear that the

recei ved signal consists of not only th'e g{e@i?ge(g%subcarri er scaled by , but
al so the kiR hearri e, scaled by b AT Grdetx quantify the effect of

t hese mi smat gﬁ@}e Zlgﬁé'ﬁﬂ nﬁ’t}mﬂi magrtEfFeRian(matia (1 RR), given by: In an

| deal scenario without transmt 1/Q inb l,ga%qﬁegjsal%iﬁ }p[fk“idz(,inpi te value. In
practice, the I RR val ue depends on gﬁe—%%ﬂh—t@q—gﬂﬁm?b—a@ t he
typi cal val ue ranges from 30 dB to 80 GABYTANDY Ha HIEEkMara V8 TS o
consider the receive signal - to - interference - plus - noise ratio
(SINR). CAsymptasically.omheme’, chanaauaiiee{d)itgcemesand t he anplitudes of
constellation synbols of the imge subcarrier where m = |

V2, ...
the sum of the inmage signal and noise in eqyaisf op &) sih’pd (Z6RY- NeAN
conpl ex Gauoéfgi0§|£1\(fggr(wa(l5ﬂ)éuw:t—h(m),ﬂ [k]) = (E; o5 b7+ sin p7) IZv-fim’) :

M

Referring to the above asymptotical expression, it can be observed that when
5 er #0and ¢r # 0, the conditional SINR does not approach an infinite value. In
other words, there is a ceiling/cap on the SINR in the presence of transmit I/Q
imbalance. Furthermore, if ;3 (m) = p3,_,_,(m’) for all m and m’, the asymptotic

SINR is equivalent to the IRR in equation (4).

10  Although it is clear from equation (6) that in the presence of the transmit I/Q
imbalance, the achievabie SINR performance is capped by a ceiling as the
noise variance o2 decreases, however, the next section will show analytically
that with some proper receiver processing, the system performance can be
unexpectedly improved significantly.

15

1) Performance Analysis

In the article by Y. Jin, J. Kwon, Y. Lee, J. Ahn, W. Choi and D. Lee “Obtaining
diversity gain coming from IQ imbalance under carrier frequency offset in

20 OFDM-based systems” in Proceedings of IEEE VTC Spring, April 2007, pp.
2175-2179 [Jin et. al.], it was proposed by simulations that when a received

signal of a desired subcarrier is processed by proper receiver processing, such



variance The receive SINR for one particular realization of i.e
anplitude of one of the Mconstellation synbols of is given

by Asynpt owocaldoss2owhen equati on (6) beconmes Referring tecrise2eddmoe09
asynptotical expression, it can be observed that when the conditional SINR
does not approach an infinite value. In other words, there is a ceiling/cap
on the SINR in the presence of transmt 1/Q inbalance. Furthernore, if for
a" mand m' tne asynptotic SINR is equivalent to the | RR n equation (4).
Al t hough 8% thesmexisaumilikeltheed detestor(BILD ) iagather with thatof e ingdge ne transm t
I/ Q inbal ance, the achievable SINR performance is capped by a ceiling as

t he noi seswusodrdecie feeqleEnoysstestiva daging chanhelsn diversibyogain canibiel okiamed.
analytically that with sone proper receiver processing, the system
performance can be unexpectedly inproved significantly. 1) Performance
Analysis In the article by Y. Jin, J. Kwon, Y. Lee, J. Ahn, W Choi and D.
Lee * Cbt aHplageflieedainginLin 88 d%ard 8 iRiisHsance under cariier
frequency offset 1 n OFDM Dased systens™ 1 n Proceedi ngs of | EEE VTC Spri ng,
Apri | 2007, pp.

., the

To provide an understanding of the benefits of the described embodiment, the
following passages will discuss the minimum Euclidean distance properties of,
and evaluating the transmit diversity order of, an optimal maximum likelihood
detector with an /Q-based subcarrier pairing (i.e., the pairing of the desired

10 subcarrier and its image subcarrier) as proposed by the present invention. The
results are then compared with the transmit diversity orders of a conventional
single subcarrier-based MLD (i.e. without any subcarrier pairing) and a zero

forcing (ZF) detector with the same subcarrier pairing.

15 Maximum Likelihood Detector with |/Q-based Subcarrier Pairing (1/Q - MLD)

As referred to in equation (5), the baseband received signal of the &-th
subcarrier Ypp[k] is a function of the transmit signal of its own subcarrier X|[k]
and that of an image subcarrier X[N — k — 1]. If Ygg[k] is paired with the complex
conjugate transpose of the baseband receive signal of the (N — k — 1)-th

20  subcarrier Y4 [N — k — 1] in the following way,



2175-2179 [Jin et. al.], it was proposed by simulations that when a
recei ved signal of a desired subcarrier is processed by proper receiver
processi ngo 28100364t he maxi mum | i kel i hood det ect or ( M.DpcTisegemfesson t h
that of the imge subcarrier in frequency selective fading channels,
diversity gain can be obtained. However, the teachings in Jin et. al. are
just sinulations. To provide an understandi ng of the benefits of the
descri bed i he foll ow ng passages will discuss the m ninmm
Eucl i dean di ¥iskice pro erties of, and evaluating the transmt diversity
order of, i xi mum | i kel i hood detector with an |/ Q based
subcarri er ., the pairing of the desired subcarrier and its
i mge subcarrierykas proposed by the present invention. The results are

SUbcar T or- baskd B ¢ téa”émr%lﬁoﬂiVSLSH @L??IZ#’}) 1?"3%262%3"2 oo
forcing (ZF) d tﬁéé’f[éfr W—tllh ¢HE (Xarfe- 3 a’FrWeTkpé] in xikmuih |keI i hood
Detector with e arrin Dy As.teterred to in
equation (5), the baseband received si gnal of the subcarrl er |s a funct| on
of the tr

subcarri eﬁ%ﬁ'ﬁr{eg@éprﬁ??%e(ﬁé f}o‘tgﬁ eﬁggt(‘:%w g)b é{cghcé éﬁ%" ﬂN(% p%hgﬁljts he

baseband &?ﬁ,e' V[Jev S|kgn<'1:\]l’ a?e trarrwlsmitted across two different subcarriers

simultaneously, transmit diversity is potentially provided in a frequency selective

s  fading channel.

Based on the technique proposed by E. Soljanin and C.N. Georghiades
“Multihead detection for multitrack recording channels”; IEEE Transactions on
- Information Theory, vol. 44, no. 7, pp 2988-2997, November 1998, a minimum
10  Euclidean distance analysis of an optimal MLD with the 1/Q-based subcarrier
pairing of equation (7) is carried out, i.e.

X, = arglgl(inHYk—-HkaHz, (8)
&k

where X, = [X[k], X*[N — k - 1]]T is the estimate of X;, and (-)7 is the transpose.
For the ease of reference, throughout this description, we refer to this MLD as

15 “1/Q-MLD".

The fundamental importance of considering the minimum Euclidean distance is
that the bit error rate (BER) at high signal-to-noise ratio (SNR) is well

approximated by the equation:



subcarrier in the foll ow ng way, then one can observe from equation (7) that
since the two transmt synbols, are transmtted across two different
subcarri ewe 28iomsbioaneousl y, transmit diversity i s potentcalsiGgopromiogied in a
frequency sel ective fading channel. Based on the techni que proposed by E
Sol janin and CN. Ceorghi ades "Milti head,_detection for nmultitrack recording
channel s"; | EEE Transacti ons on Information Theory, vol. 44, no. 7, pp
2988- 2997, Novenber 1998, a m ni num Eucl i dean ‘di stance anal ysis of an
optimal MLD with the I/%based subcarriet;7 pal [ gdzof eguation (7) is
carried out, i.e. whefdXis=thel Baii ﬁ:ati—erf— —T—f}@ ranspose. RO) the
ease of reference, throughout this des¢?8 we’pefpr to this MD as
"I/ Q@ MD'. The fundanental inportance of consi deri ng the m ni num Eucl i dean

di stance 'eﬁ1c¢t'héttrérmﬁ\|PUf\/e?§lt[¥(Hrdé@tvﬂ1l(:ﬁ'1:‘@er§{o fhle gﬂ Ghitld of @fe}%é& gf atio

(SNR) is well approximted t he equati on: and transm
d whi f th BER
SR cur ve 57 eRERRR telSB SR LHRS S nbiSnE: SR8t arnly PG auat on:

according to the equation:

5 Transmit Diversity Order = lim _log P(Xy = X, | Hy)
o250 logo;?

,  (10)
where 1 and v are constellation-dependent parameters, 9(-) is the standard Q-

function, and 42, is the minimum distance expression of the 1/Q-MLD, which is

obtained by the minimization of the squared Euclidean distance d*(E;) over all
possible non-zero normalized error events
10 Ep=X;—-Xp=[ERLEN-k-1" €M, ie.

dfmm,C = min d? (Ex) .

EL#0
In the following results, there is an assumption that complete composite channel
state information (CSl) Hy (i.e., the channel state information & [k}, HIN — k —1),

the amplitude mismatch ¢z, and the phase mismatch ¢7) is known at the

15  receiver.



Transmt- DIViversity Oder = 1Tim1Qg-P(X-*. = X-I! H) , (10) s, O log s
- 2 where h and v are constell ation-dependent paraneters, ( ) is the

st andar d Wbuenmidisezws and in i s the m ni mum di stance expr es3iScromiooddoe

|/ QMD, which is obtained by the mnimzation of the squared Euclidean

di stance d2{Ek) over all possible non-zero nornalized error events Efc = x
- Xfc = [E[K], EX[N- k - i]]t e M, i .28 In the followng results, there
is an ass tion that conplete conposite channel state information (CSI) k
(i.e., the BMel: state information HA' ], HN- k - | ] the anplitude

m smatch et , and the phase m smatch ft ) is known at the receiver. Theorem
1: Let Forl# particul ar phase m smatch the m ni nrum Eucl i dean di st ance of
the MLD is expressed in fornms of tho anplitude m smatch as foll ows. when

Proof of Theorem 1:2By rgfl-,gur”g@mzng gq\%?g i_fﬂ:y;([..@— BS 12 . (1)
i .‘{-;.__-_1;: 4] Y

I v g D - . e N S [N - B "t
For a particular phase mismatch ¢, the minimum Euclidean distance of the | JQ-

MLD is expressed in terms of the amplitude mismatch ¢p as follows.

([(;052 @r + epsin® dr )L H K]

Dint = +(&5 cos” @r + sin ¢ )| H[N — & — 1]|2)(£§, 0<er <clgr) . (12)
(1—er? ([HEP + |HIN — k= 1)") 2, cirt<er<i
where
- —b £ VI~ dac
(‘[W} = ) H
20
with o = [HIN - &k ~ 1]Psic’or + |HKPcostor. b =

—2(|H[KP +HN — k= 1]P), and e = [H[N — & — 1]]? cos ¢y + LH[E] [ sin® o

Proof of Theorem 1:
5 By re-arranging equation (7) as
Y, = XTHI +WT,
the squared Euclidean distance can be expressed as

*(Bx) = ||[ETH]||®

(lerPIHE]® + 1B PIHIN - k — 1)) (| E[K)|?

+ (larPIHIN — k = 12 + B2 HIKIP) || EIN — & — 1|2

+ arfr (HKP +HIN — k= 11P) (LEK)) (1B — k - 1]}

+ o3 Br (|HIKP + [HIN — k= 1F) (BRI (B[N — k — 1)) . (13)

Without loss of generality, it is assumed that

10 lerIHIN =k = 1P + 6P| HKIP > JorPIHE)P + 18212 HIN — k- 112 (14)

which is equivalent to



t he squared Euclidean distance can be expressed as Wthout |oss of
generality, it is assuned that which is equivalent toln order to find the
m ni mrum dwetzaroscione set of all possible non-zero error PCESGRODB/0DGH09
partitioned into the follow ng two cases. Case 1. One Non-Zero Error

Element In this case, either E[k) 0, j.e., or EX[N- k - | ] 0, which
corresponds to If a common assunption ¥Ys nmade that the si ngl e- subcarri er
m ni nrum Eucl i dean di stance is the sane for both subcarriers, i.e., mn as

i n equation ( g1} kew[iv —ils—ajear foemequati oand 14)0 khet < Be ni ni mum
di stance for the case of one non-zero error elenent is given4by In other
words, the m ni mum Euclidean di stance is achi eved when Case 2: Two Non-Zero
Error El elieprder tonfinchthe aeirisum gistanaecdnnt.dhersehpbalhpassiblenon-zeio G ven
equation (13), one can |lower-bound it in the follow ng way:in which the
equal it _yt ERYRLEQBrs(BRL [iE8kaetvey g WTeR JAiGeHd Ed tHROfAIBRIHPMOYEES.

y

I nequal i

s Case 1: One Non-Zero Error Element

In this case, either E[k] # 0, i.e.,
P(E) = (lorP[HF+ |6 HIN — & = 1) BRI
or E*[N — k — 1] # 0, which corresponds to
P(EBx) = (lorPlHIN — k=117 + 6P| H[E)P) |EIN - k= 1| .
10 If a common assumption is made that the single-subcarrier minimum Euclidean
distance is the same for both subcarriers, i.e.,
min ||E[k]||* = min ||E[N - k — 1]||> = &} as in equation (11) then it is clear
from equation (14) that the minimum distance for the case of one non-zero error
element is given by
15
Cine = (laxPIHKIP + B PIH[N ~ k- 1)) dg

= ((0052 br + exsin’ ¢r)|H[K]|* + (€5 cos® ¢r + sin® ¢p)|H[N — k — 1]|2>d3 .

~In other words, the minimum Euclidean distance is achieved when ||E[k]||* = d2.

20 Case 2: Two Non-Zero Error Elements

In this case, both elements of E, are non-zero, i.e., E[k], E*[N —k - 1] #0.

Given equation (13), one can lower-bound it in the following way:



Equation (15) can further be | ower-bounded as Note here that the inequality
equation (15) is achieved when and the inequality equation (16) is achieved
whenFi nalwg,20tdnsez0esul ti ng m ni num di St ance expressi on equaGen/oiudd) can be
obt ai ned by conbining the | ower bounds in the two cases above. Intuitively,
one woul d expect from for exanple, the SINR expression in equation (6)
that the presence of the transmt 1/Q %bal ance | eads to per f or mance
degradation. Interestin and unexpect edl as referred to in the

resul ting n1ﬁlﬁwnFEuﬂhw%U%Mldﬁé@dﬂ@ENexbreéb ) BHI1BdEati on (12) in Theorem 1,

aver age BER | mpr oves) URTHEARG Bl ol ChATaN ot HELY [t thr Wi ng

poi nt at is reached. \@Rlﬁi‘@t X,tl gal HL?EWAEgﬁd%I ved in Theorem 1, the

foll owi ng shows the &f rrplltu ase ni smatches on the
transmt diversity oqd@;[; P N1 kn i Ncekaflthe transmt 1/Q
i nhal ance, the transmt Crfl(\%l{’kg‘l !L-Fqn%(grder of h? M.D is] equal to two.
Proof of Coroll arwl(laTF[H[k}l"’quﬁTl |H[N — k — ||E[k]||

+ (lorPIH[N = k= 1] + |Br/* IH[kJI )IIEIN — k- 1]|?

— arfr (IH[KP + |HIN — k= 1]]*) |E[K]E[N - k - 1]]

— apBr (IHKI + |H[N — k= 1]]°) [E* (K] E*[N — &k - 1]]

(lerP|HR)? +1BrPIHIN ~ k — 1)) || E[k]|

+ (larP|HIN — k = 1P + 6P| HIK]P) | EIN — k ~ 1]])°

— arfr (|H[E]P + [HIN — k= 1)) |EK)| BN — & - 1]|

— o fr (|H[K)* + |H[N — k= 1)) |[E*[K]| |[E*[N - k - 1]| (15)

%

in which the equality equation (15) is achieved when E[k] = ~E*[N — k — 1].

By considering the following inequality

IBRIEIN —k~1]] < = (B + BN -k ~1]|]°) ,

1
2
s Equation (15) can further be lower-bounded as
P(Er) > (lerlP|HE]P + 1601 HIN — k= 1)) [| B[k
+ (Jor PIHIN = k= 1] + [Br | H[K)P) || EIN ~ k - 1]|?
— serf (HIHP + HIN = k= 11P) (BWRIE + BN - k - g)F)
- —aTBT (HEI® + HIN = k= 10P) (IBEI° + NEIN — k= 1]|]7)
> (ler|HIK)® + |Br | HIN — k= 1)) dg
+ (larPIH[N — k = 1) + |82 H[K]?) dj
— (arfBy + o Br) (|H[FIP + |H[N - k - 1]]?) dF
= (lar = Brl*) (1H[K]* + |HIN =k - 1]I*) dg .
= (Il—er)? (HEP +|HIN -k - 1) & . (16)
Note here that the inequality equation (15) is achieved when

Elk] = —FE*[N — k — 1], and the inequality equation (16) is achieved when



At high SNR it is clear fromequation (9) that the conditional BER
decreases exponentially with Due to the fact that and are chi - squared
random vawoabloasemfi degree 1, is a wei ghted chi-squar evacraicheohosdegr ee 2,
whi ch corresponds to a slope of two in the average BER versus SNR curve,
and a value of two in equation (10). It_jis inportant to note that, in
general, the diversity gain provided by Hhe transmt 1/Q |nbalance S

hi ghly depende t on the fol lLowing two factors. F 1) The scaling factor bt
. If the viklk8l dTHEVVrdﬂvéHb-sﬁéll or equivalently if the effects of the
anplitude and phase m smatches are not significant, then the inpact of is
negligible. In this case, one would expect that the diversity gain is very
small and the performance of the 1/Q - MD woul d approach the idea

scenari o WrinaiNitthe res\timgd rﬁlrﬁlﬁlumﬁéﬁ’étaﬁé@expl"_e%klo-ﬁf@qtfa‘?lroh%Q le’TS'PQeF ween and .

Denote as a conplex - valued and nornal |zed correl ati1on coefficient

bet ween 'tOb@lrﬁoewcérHB{?Iﬁrgtf{?hS%{Bﬁp P ol n {éscélﬁ NS are highly

uncorrel at ed, e pote I"mage subcarri er
S very, | arge. General |y speaki ng,

Intuitively, one would expect from, for example, the SINR expression

in equation (6) that the presence of the transmit I/Q imbalance leads to

performance degradation. Interestingly and unexpectedly, as referred to in the

resulting minimum Euclidean distance expression equation (12) in Theorem 1, it
10 is observed that the minimum distance increases (or equivalently, the average

BER improves) with the amplitude mismatch er until the turning point at

er = ¢(¢r) is reached.

Given the analytical results derived in Theorem 1, the following shows the effect

15 of the amplitude and phase mismatches on the transmit diversity order.

Coroliary 1

In the presence of the transmit I/Q imbalance, the transmit diversity order of the

I/Q-MLD is equal to two.

20  Proof of Corollary 1

At high SNR, it is clear from equation (9) that the conditional BER decreases

exponentially with a7, , /0% Due to the fact that |H[k]|> and |H|N — k - 1]|? are

chi - squared random variables of degree 1, &2 inx 1S @ weighted chi-square



Pk decreases with the delay spread. Corollary 2Consi der the AWGN channel as
a special case. In the presence of transmt |/Q inbal ance, the resulting

m ni mrum Buol2nthaEseedi st ance of the 1/ Q M.D i s expressed ProsGe®/otmws| | ary 2
The proof of equation ( 17) follows trivially fromthe fact that for all k.
Referring to Corollary 2, it is found that, despite the absence of the
frequency diversity, there is an increa¥e in the power gain due to the
addi ti onal anmount of energy, contributed fromthe anplitude m smatch to the
|/ Q MLD. | ¥argRle of dagree: 2. ouhich sooespondsita aslopehef tminthmaverdg@BERequat i on
(17) depends only on the anplitude m smatch but not the phase m smatch , in
t he AWGN cvensuelSNRSicngles aBdle ealue ©f the s dqglytio )JLi kel i hood Det ect or

(wi thout sub-carrier pairing) The perfornmance of the I/QMDwth a
conventional single subcarrier-based MLD (i.e. w thout sub-carrier pairing)
I's conpared to the above. Wthout |oss of generality, it is assuned that

The squar ed iEwsporiiAfo note that, in general, the diversity gain provided by the transmit
5 1/Q imbalance is highly dependent on the following two factors.

» F1) The scaling factor Sr. If the value of g7 is very small, or equivalently
if the effects of the amplitude and phase mismatches are not significant,
then the impact of |67|*| H[N — k — 1]|? on a2, , is negligible. In this case,
one would expect that the diversity gain is very small and the

10 performance of the 1/Q - MLD would approach the ideal scenario without
transmit 1/Q imbalance.

* F2) The correlation between H[k] and H*[N — k — 1]. Denote

E{H[K|H*[N — &k — 1]}
VE{H[FIPYE{IHIN — &k — 1]2}
E{HIKH[N - k — 1]}
onlFonlN =% = 1] M

P =

* as a complex - valued and normalized correlation coefficient

15 between Hk]and H*[N — k — 1]. It is clear that if these two channel
coefficients are highly uncorrelated, i.e., p, — 0, then the potential gain
due to the image subcarrier is very large. Generally speaking,

pr. decreases with the delay spread.

20 Corollary 2



di stance is given byk - 1]||2 The m ni num di stance i s obtained by the
mnimzation of d in equation (18) over all possible non - zero error
events, a0 2010/s6209i ven by Simlar to the 1/Q MD, the wcmiscamojosodaghi eved
when E[k] = -E* [N - k - i ] For the special case of the AWGN channel,
equation (19) is sinplified as Fromequation (19) and equation (20),. i's
observed that the m ni num Eucli dean di Stance of the conventional si ngI e
subcarrier-based M.D.is.only a function of the a I|tudetm tcr} and it
decr easesCansider B eAY\f%{ ‘rhs‘“s*tj‘u‘a“r REDCGHRIGHEE-t I g pregerie of GanaREil{Q
contrast to the anal on n M tion that
t he m ni mml\ Hiué(t ange 191 u%?}l% 'E}L%{‘nlgp?ggﬁr\ éé‘%légégﬁflg‘ I?%@e@?’z? %Q‘Qgﬁgbe(g of the
transmt |&#Q i nbal ance Further, it is clear fromequation (9) and equati on
(10) that no transmt diversity is offered in this case.Zero Forcing
Detector with |/Q based Subfanr ai ri o I Qe £b0D. or the purpose of
conparison, a sub-@pti mak '?“_f_gr“ﬁ Ieﬁ%’?‘t(&‘)lz‘ef(g Torc?\/r;g (ZF) dqtle?gtor H
A1 with the same subCarrier o121} r-l-@g}“e@uawlmn AIW3 & @l sol consi dered,
Pre-mul tiplying equation (21 ) with the receive signal vector Y yi eI ds the
ZF

Proof of Corollary 2

The proof of equation (17) follows trivially from the fact that

|H[k]|? = [H[N — k —1]]2 =1for all k.

Referring to Corollary 2, it is found that, despite the absence of the frequency
diversity, there is an increase in the power gain due to the additional amount of
energy, €2, contributed from the amplitude mismatch to the I/Q-MLD. In addition,
it can be observed that the minimum distance equation (17) depends only on

10 the amplitude mismatch ez, but not the phase mismatch ¢, in the AWGN

channel.

Single Subcarrier-based Maximum Likelihood Detector (without sub-carrier

pairing)

15 The performance of the I/Q-MLD with a conventional single subcarrier-based
MLD (i.e. without sub-carrier pairing) is compared to the above. Without loss of
generality, it is assumed that |H[k]|* < |H[N — k — 1]|°. The squared Euclidean

distance is given by



estimate of The correspondi ng i nstantaneous post-detection SINR of the -th
subcarrier is then expressed as where is the Lh entry of Q which is the
noi se cowsoizarosemandi tioned on and it is given byDue tecrise2i@ovosmat o <

| r 12, TAP i . [Qfcjrj mequation (22) can be upperbounded as fol | ows.
nl (I +|F[iv--11]]) =UB- (23)_Since | [fc]|2 and |HJV - k - i]] 2
are chi-squared random vari abl es of dea ee 1, i uB,k should be a chi-square
variabl e of degree 2 . In other words, the I/Q ZFD provides, at a

maxi num an addition degree of transn1téﬁk |ty Wi th respect to the

i deal scenanp@Ewytho lqppErL DsﬂLIhﬂ/ ce. However, the equality in
equation (22) can onliy be achi eved nghH(# F|\bt \2 and |H | |2 = 1TH -
k - i]|] 2, i.e., when both subcarriers-experience flat fading channels.

Therefore, the I/ Q- (Z&R*¢@kWE +isd? PEQVi-de —p8It or mance i nprovenent in
terms of the power gain, rather than the diversity gain, Sld apgroaches t he

performance of the i dm}ﬁqsﬁ[@hlaw& fi-t blowto e ENBREL [N ~QG — 1} )| H[k]|* .(18)
The minimum distance a2, , is obtained by the minimization of d*(E;)

in equation (18) over all possible non - zero error events,
e., [Ek] E*[N — k- 1]] # 0, and it is given by
d?nmk = (ICYT - ﬂle) |H[k]|2d3
5 = (1 —er)’|H[K]dg (19)
Similar to the I/Q-MLD, the minimum is achieved when E[k] = —E*[N — k — 1]

and || E[k)|* = || E[N — k - 1]|* = dj.

For the special case of the AWGN channel, equation (19) is simplified as

10 d(E;) = (1—er)’dl (20)
From equation (19) and equation (20), it is observed that the minimum
Euclidean distance of the conventional single subcarrier-based MLD is only a
function of the amplitude mismatch, and it decreases at a rate that is squarely
proportional to e, which is in contrast to the analytical conclusion made in the

15  previous subsection that the minimum distance of the I/Q-MLD is increased for
certain values of the transmit I/Q imbalance. Further, it is clear from equation (9)

and equation (10) that no transmit diversity is offered in this case.



i mbal ance. Numerical Results Monte Carlo sinulation nethods are provided to
eval uate the performance of the I/Q M.D with respect to the single

subcarri ewohasedscmaunt er part and the sub-optimal but | owcTEGROEIODI4YI

|/ Q ZFD. The performances of the ideal scenario without I/Q inbal ance and
the worst-case scenario that the transmt 1/Q inbal ance is being ignored at
the receiver, i.e. neither conpensat izgn/ cancel | ati on nor subcarrier pairing
is done, are al so conpared. The sinulation paranmeters as shown in Table I.
This is_purely by way of exapple, and other configurations and parameters
may be &SHRIAEGRGDetectopwith iiy-bagedmul Paipag /e ltransmit 1/Q

i nhbal ance on the three detection schenes in an ideal frequency selective
channel with pk -0 for all subcarriers is observed. Figure 2 shows the

m ni NUMEBHeHd ﬁefmsehcﬁtc@m@ar%bnaafsubSéptﬂﬁém&uéweddmﬂbxwzem hi is averaged
over 100000 channel realizations. It would be appreciated from Figure 2
that th 3, L 1Qf. 1 i ] i 1 | owed by
decr eas?%@nga%d%@m&?ﬁﬁgt %\A}'?e‘ﬂ? héea{ nﬁ%}lglb ﬁﬁ%ﬁn{eZbra g@%%@%ﬁ) %@i&e&g servations
agree with the analytical results derived in Theorem 1. In addition, it
shouf d BENgiPBF&ti ated that |/Q M.D 102 outperforms the single subcarrier
counterpart 104 for various

1 HN k-1  —BrH[K
(lerl? = 1Br) HFHN =k =11 | _pge [N —k —1] arH[k]

H = 21)

Pre-multiplying equation (21) with the receive signal vector Y, yields the ZF
estimate of X,

Xs

H Y,

10 Xk + H;‘Wk .

n

The corresponding instantaneous post-detection SINR of the k-th subcarrier is
then expressed as

E{IXTK]%}

= an,

= [Quiy (22)

where [Qy]; ; is the (i, j)-th entry of Q,, which is the noise covariance conditioned
15 on H;', and it is given by
Qe = &{HYWWL(H")'}
= o H(H)

2
T

(Jorl? ~ 1B |HIKPIHIN = & — ]2
lorP|H[N =k =17 + |8z PIHE]P  —afBr|H[N — &k~ 1][° — apbr|HIK)P?
—arfrH[N = k = 1] — arBp HKW? |BrPIHIN — & = 1] + |ar[*| H[K]?




val ues of For exanple, when et = 0.3, the mninmumdistance is increased
significantly fromO0. 2456 to 0.6463 when the subcarrier pairing equation
(7) is uswo.20Wasbeoguch an i ncrease in the m ni num di st arCe/SGaom®/00@w9 expect
that, as evident in Figure 3, the I/Q MD yields a significant reduction in
t he average BER Further, it is observed fromthe figure that the slope of
t he average BER versus SNR curve at hig SNR is larger for the I/ Q MD,
which is also consistent with the analytical conclusion given in Corollary
1 that di Deedpttpe faotihatd weilagl® dfoNidbdQrlin i aapalion (24)aan BRUBPSHer
subcarrier pairing, the transmt 1/Q inbal ance can inprove the system

per f or man , when SNR = 20 dB, the BERs of the conventi onal
MLD and V\/ﬁ%gﬁ?&ﬁ@ﬁﬁ%f I/ Q i nbal ance are about and 2.4 x i o 3,
respectively. Wen the subcarrief: pairing, @c!wat_iko_n 1 I_ZIPH. Izconsi dered, the

BERs i nprove signigjjcand y-te F detector and
the MLD. Next, the average?BE ¥on schemes in a

pe
real i stic typical urban_area propagation 5 investigat ed and a
twenty-tap nultipath Sa 4min{|ar?, B2} (lmﬁg""l [ 9a}

£ k- (23)

Since |H[k]|? and |H[N — k — 1]|? are chi-squared random variables of degree 1,
5~y should be a chi-square variable of degree 2. In other words, the 1/Q - ZFD
provides, at a maximum, an additional degree of transmit diversity with respect

to the ideal scenario without the transmit I/Q imbalance. However, the equality

in equation (22) can only be achieved when |ar|? = 87|

and |H[k]|> = |H[N — k — 1]|?, i.e., when both subcarriers experience flat fading
10 channels. Therefore, the I/Q - ZFD can at most provide performance

improvement in terms of the power gain, rather than the diversity gain, and

approaches the performance of the ideal scenario without transmit 1/Q

imbalance.

15  Numerical Results
Monte Carlo simulation methods are provided to evaluate the performance of

the I/Q-MLD with respect to the single subcarrier-based counterpart and the

sub-optimal but low-complexity I/Q-ZFD. The performances of the ideal

scenario without I/Q imbalance and the worst-case scenario that the transmit
20 1/Q imbalance is being ignored at the receiver, i.e. neither

compensation/cancellation nor subcarrier pairing is done, are also compared.



channel that is widely considered in 3GPP LTE - Ais used (see for

exanpl e: Third Generation Partnership Project (3GPP): Techni cal

Speci fi cawoanmo@sep Radi o Access Network: Requirenents fPam/sieaomnes409
Advancenents for E-UTRA (LTE- Advanced) (Rel ease 8). [Online -

http://ww. 3gpp. org/ ftp/ Specs/ htm i nf 0/273691 3. htm| Figure -4 is a graph
showi ng the average system performance of the detection schenes of Figure 3
and al so those. of an edge subcarrier pair 106 and a center subcarrier pair
108. It sholf §pdation parameteds A shewngnriable i Hehis isneureligly walyedr ri er pai r
106 outperforns the center subcarrier pair 108 by about 2 dB at

noder at e- t ®XaMgR, SnRetherionfigheationateinshparmmestpisamag begortsideredmar k ( F2)
earlier that the correlation pk increases when the paired subcarriers are
getting closer to one another. Further, it is observed that the slope of
the average BER versus SNR curve for the I/Q- MDis simlar to that for

t he i deal

contributes mainly the power gain,

systen)s This observation can aégﬁulgﬁoﬁwr%gg%ﬁ

scenario without transmt Ifghjnbal ance (i.e., the I/Q - MD
rat her than the diversity gain to the
by F2 (see earlier section)

that, when conpar eg W th th? i deal "Trequency ective channel, the delay
onl st o DBANE S hodel consi dEVEMener . 1t should T
Carrier frequency 2 GHz
Transmission bandwidth | 10 MHz

10

Channel model

(a) random frequency selective channel:

(b) 3GPP typical urban area propagation model;
(c) AWGN channel

Number of subcarriers, ¥ | 1024
Modulation format QPSK, 16QAM
Amplitude mismatch, e; | er =0.26,0.3
Phase mismatch, ¢ ¢r = 0°,5°

Others

(a) Perfect composite CSI H, given in equation (7)

(b) No channel coding

For a first example, the impact of the transmit I/Q imbalance on the three

detection schemes in an ideal frequency selective channel with pr = 0 for all

subcarriers is observed. Figure 2 shows the minimum Euclidean distance of a

first data subcarrier ¢2

min,1

102, which is averaged over 100000 channel

realizations. It would be appreciated from Figure 2 that the minimum distance of

the I/Q-MLD first increases with ¢, followed by decreasing rapidly with e when




be nentioned that only bit errors on those carriers are counted to show

t hat edge subcarriers have better performance due to hi gher channel

vari at i orwoRbmalsby4t he special case of an AWGN channel psTalcGzMILONSY der ed.
Figure 5 is a graph showi ng the average BERs of the three detection schenes
of Figure 3 in an AWGN channel. The I/ Q M.D provides only a slight

| mprovenent withrespect to the ideal s€¢enario without transmt I/Q

i mbal ance. This result is consistent with the analytical results derived in
Cor ol | ar ytr makourinris réacheidsatnee= 0140t TThese ebseymations agres wigh thehve ni ni mum
Eucl i dean di stance barely increases by an amount of (in this case, , which

i s too snahhiytiallresiigs dedvethinf Tregorent ¢dimcdddition, it sHotlldiberaapeediaied that
Neverthel ess, it still significantly outperforms the conventional MD by

about 3 dfq- jonpl indlé lsuBeatriae caamersatt 104 36RVaridus! )
Appl i cati ?9 @Lgsﬁg%)gﬂﬁ@g??b?%ﬂq'% SCL%]?;I@DPrLTI(E;- Al n@ﬁ\i S exarrprlI e,S t he

e s Oy ARS AL EoPBLIMAE, GABR'L 206 thd MidAA Bkt Re3STcrbabed P! i Nk

as an adv al'térna x1 st'ing resource ocation
strategies, It wuld b rooptj to begin with some background.
Si ngl ed cafld PWF‘&&@@P\@#‘%&W&@%%%%&% subcauier pgiing m&jo,n {?Si'ﬁ i zes
single carrier

J used. With such an increase in the minimum distance, one can expect that, as

evident in Figure 3, the I/Q-MLD yields a significant reduction in the average

BER.

10  Further, it is observed from the figure that the slope of the average BER versus
SNR curve at high SNR is larger for the I/Q-MLD, which is also consistent with
the analytical conclusion given in Corollary 1 that diversity gain is being

provided.

15 In summary, with the proper subcarrier pairing, the transmit I/Q imbalance can
improve the system performance. For example, when SNR = 20 dB, the BERs
of the conventional MLD and without transmit I/Q imbalance are aboqt 1.1 x 1072
and 2.4 x 1073, respectively. When the subcarrier pairing equation (7) is
considered, the BERs improve significantly to 4.8 x 103 and 3.9 x 1074,

20 respectively, for the ZF detector and the MLD.

Next, the average BER performance of these detection schemes in a realistic
typical urban area propagation model is investigated and a twenty-tap multipath

channel that is widely considered in 3GPP LTE - A is used (see for example:



nodul ati on and sequential transm ssion at the nobile termnal's transmtter
side as well as frequency-donain equalization (FDE) at the base station's
recei ver woadelo/@sem4i S an extension of the classical SC POESGeehdm@uwe t o
accomodate nultiple access . Due to its inherent single-carrier structure,
SC- FDVA signal s have a | ower Peak-to-Average Power Ratio (PAPR) than those
of the orthogonal frequency division midtiple access (OFDMA), whi ch means
that the power transm ssion efficiency of the nobile termnals is

i ncr eased TharddGémeratior Ravtnerstip Rroject (BGRIP) Tieehaicat BpedificBtien woume f act
that the provisioning of wide area coverage is nore inportant than the

demand foRzidhgBess NatdorkaRequiteReRE fof FufthePRdvEementy fof E-UTRAL 0 OFDVA
as an uplink rmulti pI e access schene Figure 6 is a bl ock di agram show ng

various Ct X system éggeﬁgs'é SNt EABOMVA. Stk Es/BtRP LTE-A

Briefly, ncludes a transi ce|V|ng
section 25% Eg%!gltrggsn155|on channel 280 communi catively Ilnklng t he
transm ss 10 and the receiving section 250. The transm ssion
section 210 includes an encoder 212 for encoding a signal according to a
transnPssi on schenme, a Discrete Fourier Transform (DFT) nodule 214 for

converting the signal fromtine donain into
Figure 4 is a graph showing the average system performance of the detection

U.)

schemes of Figure 3 and also those of an edge subcarrier pair 106 and a center
subcarrier pair 108. It should be appreciated from Figure 4 that the edge
subcarrier pair 106 outperforms the center subcarrier pair 108 by about 2 dB at
10 moderate-to-high SNRs. This observation is explained by the remark (F2)
earlier that the correlation p, increases when the paired subcarriers are getting
closer to one another. Further, it is observed that the slope of the average BER

versus SNR curve for the I/Q - MLD is similar to that for the ideal scenario
without transmit I/Q imbalance (i.e., the I/Q - MLD contributes mainly the power

15 gain, rather than the diversity gain to the system). This observation can also be
explained by F2 (see earlier secﬁon) that, when compared with the ideal
frequency selective channel, the delay spread is smaller because of the limited
number of multipaths in the realistic channel model considered here. It shouid
be mentioned that only bit errors on those carriers are counted to show that

20 edge subcarriers have better performance due to higher channel variation.

Finally the special case of an AWGN channel is also considered. Figure 5is a
graph showing the average BERs of the three detection schemes of Figure 3 in

an AWGN channel. The I/Q-MLD provides only a slight improvement with



frequency domain, a Subcarrier Mpping nodule 216 for processing the
converted signal fromthe DFT nodul e 214 and an I nverse DFT (IDFT) nodul e
218 for rwoenwosgeothe signal fromthe subcarrier nmappi ngcisdabm/oddée After
the inverse DFT, a Cyclic Prefix Insertion nodule 220 inserts the necessary
padding (i.e. cyclic prefix) and a Pul se Shaping nodule 222 filters the
signal so that the signal is suitable f&r transnission via the transni ssion
channel 280. In one exanple, the transm ssion section 210 nay be part of a
base st at irespett tatheeideal scereriomitholdtdransnaitifQambatahceh @ hiseresultiisig sect i on
250 may be included in each communi cati on device operating in the cellular

networ k. THaRsRRIMWENGRE SHaARM FSUIB v Oofolil 2P fHles the aFBsHc S or
ot her nobil edevices. O course, it may not be a cellular network but other

350; the (IVH QRUEHQLPELYS % A RRCRTn dhieh®S S MUBESBEEY es o
Cyclic Prefix Renpva ule 252,fo

no renoving .t he paddi frogmthe received
signal, a PEAMABYR & IEUWIYSFasesoar PO )t‘ﬁb'cﬂéﬁg?%g@agit(gﬁgpgtao t he
frequency donmmin, a Sub-Carrier De-Mpping nodul e 256 and a Frequency
Donai n SEqusignificant cedursion ie thﬁ@vetagﬂﬁggte erthelegacih still pigsifisasty of t he
signal so that it is suitable for the next process. After the Frequency
outperforms the conventional MLD by about 3 dB.

The above principles will now be applied to 3GPP.

10 1) Application of subcarrier pairing to 3GPP LTE-A

in this example, the I/Q-based subcarrier pairing equation (7) is applied to
3GPP LTE-A uplink as an advantageous alternative to existing resource block
allocation strategies.

15
It would be appropriate to begin with some background. Single-carrier

frequency division multiple access (SC - FDMA), utilizes single carrier

modulation and sequential transmission at the mobile terminal’s transmitter side
as well as frequency-domain equalization (FDE) at the base station’s receiver
20 side, and is an extension of the classical SC/FDE technique to accommodate
multiple access . Due to its inherent single-carrier structure, SC-FDMA signals
have a lower Peak-to-Averége Power Ratio (PAPR) than those of the
orthogonal frequency division multiple access (OFDMA), which means that the

power transmission efficiency of the mobile terminals is increased, and the area



Domai n Equal i zati on nodul e 258, there is an IDFT 260 to convert the signal
back to the tinme donmain and a decoder 262 to obtain the original
transm t two 2eiogsedoa From Figure 6, it should be appreci ategcetmioosdoe system
200 is very simlar to an OFDVA system except that the time-donmain input
data synbols are transforned to frequency domain by the DFT nodul e 214,

foll owed by the subcarrier mapping noddl e 216 before perform ng the OFDVA
modul ation. In other words, for OFDMA, it is not necessary to have the DFT
nmodul e 214osechgehean iDRTrmbe ektenzed. Destte thadactImatrbewrovisioning olewided as
DFT-spread OFDVA. It is the same as OFDVA in that it suffers fromsimlar

transmt Igr&d icobalageds nibreiimgotthst thasatharibriandRforcoinghesdata. ralénim vari ous
bl ocks of the system 200 are known (and thus, not necessary to el aborate on

these bl ocispp H%Aggd-hgwﬁ%-mféri&i tTOFTIMA d@ﬂvhgi&munm hbesdeb- carrier

de- mappi ng nodul e 2 The follow ng discussion will thus be focused on

t hese tm05%$ng§s 216, 256. Subcarrier Mpping / Resource Bl ock Allocation
The main p oseé of subcarrier mapping is to allocate DFT-precoded input
dat a o% different nobile termnals to data subcarriers (or resource bl ocks)
over tRe

Figure 6 is a block diagram showing various components of a SC-FDMA system
200 for the uplink of 3GPP LTE-A. Briefly, the system 200 includes a
transmission section 210, a receiving section 250 and a transmission channel
280 communicatively linking the transmission section 210 and the receiving

10 section 250. The transmission section 210 includes an encoder 212 for
encoding a signal according to a transmission scheme, a Discrete Fourier
Transform (DFT) module 214 for converting the signal from time domain into
frequency domain, a Subcarrier Mapping moduie 216 for processing the
converted signal from the DFT module 214 and an Inverse DFT (IDFT) module

15 218 for receiving the signal from the subcarrier mapping module 216. After the
inverse DFT, a Cyclic Prefix Insertion module 220 inserts the necessary
padding (i.e. cyclic prefix) and a Pulse Shaping module 222 filters the signal so

that the signal is suitable for transmission via the transmission channel 280.

20 In one example, the transmission section 210 may be part of a base station of a
cellular network for example, and the receiving section 250 may be inciuded in
each communication device operating in the cellular network. The

communication device may be mobile telephones, computers or other mobile



entire system bandw dth. However, for systens with | arge nunbers of nobile
termnals and subcarriers such as 3GPP LTE-A, the conputational conplexity
i nvol ved wo 2otudisgiodual subcarrier allocation is very huger/sGhensbewe, the
basi ¢ scheduling unit for both the uplink and downlink bandw dth is one
resource bl ock (RB), which consists of several consecutive subcarriers.
Specifically, in 3GPP LTE-A, one RB corprises either 12 consecutive
subcarriers with a subcarrier bandwi dth of 15 kHz or 24 consecutive

subcar ri ergewidesh Of ceulksmitrmay nbaibeai ckllularfnefwsrikivizt. other @dRRSSTE- A, sever al
resource bl ock mappi ng approaches are presently used. Two of these include

| ocal i zed @heahichibn MeRROIRE 8 @nelsugber ed resource bl ock mapping. For the

ease of notational description, they are referred to as LFDVA and C ustered
SC- FDVA (CL- SC-FDWVA), respectively. For LFDVA, all DFT-precoded input data

of a nobile termnnal is mapped onto consecutive resource bl ocks (RBs). An

i llustratiye, exampl e of LF 1 §..S ' ' | three
mobi Te ¢ erALREN E%P"“Qe%ﬂct@%(?o,ﬁ?o%?’%sf Eﬁg%gﬁigéﬁ:ﬁiﬁj@@a&g@ﬁ%bi le # 1
300 are mapped onto 4 contiguqus_ RBs 306, 308, 3 hat are nfined to a
cont i néoussqcit'ﬁﬁt35<9dn6'f‘d§§ﬁgﬁﬁl‘}}rﬂ?ﬁﬁ(ﬁ%bﬁ@%ﬁ@%q&mp&ngﬁﬁﬁi | es #2
and #3 302, 304 under this scheme. ) .

padding from the received signal, a DFT module 254 for converting the received

signal to the frequency domain, a Sub-Carrier De-Mapping module 256 and a

Frequency Domain Equalization module 258 to change the frequency response

of the signal so that it is suitable for the next process. After the Frequency

10 Domain Equalization module 258, there is an IDFT 260 to convert the signal

back to the time domain and a decoder 262 to obtain the original transmitted

signal.

From Figure 6, it should be appreciated that the system 200 is very similar to an
15 OFDMA system except that the time-domain input data symbols are
transformed to frequency domain by the DFT module 214, followed by the
subcarrier mapping module 216 before performing the OFDMA moduiation. In
other words, for OFDMA,, it is not necessary to have the DFT module 214 and
the IDFT module 260. Note that SC-FDMA is also termed as DFT-spread
20 OFDMA. It is the same as OFDMA in that it suffers from similar transmit 1/Q

imbalance during the baseband-to-RF conversion.

The various blocks of the system 200 are known (and thus, not necessary to

elaborate on these blocks), except the sub-carrier mapping module 216 and the



As an alternative to LFDVA, CL-SC-FDVA has been proposed. Figure 8 shows an
il lustrative conpari son between the resource block allocation nethods of
LFDVA andwClLefd@s6ioMA. | n contrast to the LFDVA, the preeotsd2dntoarsd CLSC
FDVA is mapped onto nmultiple clusters 320, each consisting of consecutive
RBs. An exanple is of CL-SC-FDVA is shown in Figure 7(b), in which each
cluster 320 conprises two consecutive RBs. The cluster allocation to each
nobile termnal is highly dependent on the scheduling policy and the
avai | abi | sul-cafridrrdegomapping eodulec256. The fadlomngdiszasgibe wilttidsebé he t wo
non-conti guous clusters (one with RBs # 1 and #2, another with RBs #5 and
#6) are akdausatiemh thes8BhblBodidesPNg 238 contiguous clusters (i.e., RBs #9
to #12) are allocated to nobile #2. Note that LFDVA is actually a speci al
case of CL-SC-FDVA where each nobile only has one cluster. Wen conpared
with the LFDVA, it is clear that CL-SC FDVA provides a |arger degree of
upl i nk sche Qves the frequency diversity by, for
2 H )| d/ L “ ocation
exanpl e, in favorabl e channel
condi tions for a nobile term nal over the entire system bandw dth. However,
CL- SC- FDVA has its shortcomings and one problemis that it tends to favor

mobile termnals that are closer to the base stations. For
The main purpose of subcarrier mapping is to allocate DFT-precoded input data

of different mobile terminals to data subcarriers (or resource blocks) over the
entire system bandwidth. However, for systems with large numbers of mobile
terminals and subcarriers such as 3GPP LTE-A, the computational complexity
10 involved in individual subcarrier allocation is very huge. Therefore, the basic
scheduling unit for both the uplink and downlink bandwidth is one resource
block (RB), which consists of several consecutive subcarriers. Specifically, in
3GPP LTE-A, one RB comprises either 12 consecutive subcarriers with a
subcarrier bandwidth of 15 kHz or 24 consecutive subcarriers with a subcarrier

15  bandwidth of 7.5 kHz.

in 3GPP LTE-A, several resource block mapping approaches are presently
used. Two of these include localized subcarrier mapping and clustered resource
block mapping. For the ease of notational description, they are referred to as

20 LFDMA and Clustered SC-FDMA (CL-SC-FDMA), respectively.

For LFDMA, all DFT-precoded input data of a mobile terminal is mapped onto
consecutive resource blocks (RBs). An illustrative example of LFDMA is shown

in Figure 7(a) which has three mobile terminals or devices 300,302,304. Here,



those termnals that are | ocated near the cell edge, the potential
frequency diversity gain may be m ni mal because of the poor channel

condi ti onwbosids®mss t he above shortcomings, it is propesescemoabiswogat e
resources according to the preferred enbodi mnent of the present invention,
and the steps are shown in Figure 9. At step 402, the system bandwi dth is
divided to forma plurality of resourc& blocks. It is preferred in the

di vision that each of the resource bl ocks can be paired with another one of

t he resouteinbupgta ¢fiAbbIS# S BOURIE infappdPoRtCALbhijudtis centre frequency.
Figure 7(c) illustrates how the resources are allocated for an

resource DESRRRo 7 Tt Jﬁe"ﬁ%&sy?gS@%ﬂ%&Eﬁ@ﬁ?fﬁs@i&“f e
. ; . . he fi . '

st ead opalivihy Trd Sar ool it Harariles gne A dids 5 e

resource bl ock based on its channel quality and/or correlation of the

resource bl ocks paired. An exanple of doing this based on correl ation of
the resource bl ocks paired is to rank all the resource block pairs
accor df ngAs@n alterpative el BPMin Gln8CaEPMAdas beatkprogosed.daglrepdishows t hei r
values. As an alternative, if the exact correlation of the resource

an illustrative comparison between the resource block allocation methods of

LFDMA and CL-SC-FDMA. In contrast to the LFDMA, the precoded data of CL-
SC-FDMA is mapped onto muttiple clusters 320, each consisting of consecutive
RBs. An example is of CL-SC-FDMA is shown in Figure 7(b), in which each

10  cluster 320 comprises two consecutive RBs. The cluster allocation to each
mobile terminal is highly dependent on the scheduling policy and the availability
of frequency resources. Using this example, while the two non-contiguous
clusters (one with RBs #1 and #2, another with RBs #5 and #6) are allocated to
mobile #3, the two contiguous clusters (i.e., RBs #9 to #12) are allocated to

15 mobile #2. Note that LFDMA is actually a special case of CL-SC-FDMA where
each mobile only has one cluster. When compared with the LFDMA, it is clear
that CL-SC-FDMA provides a larger degree of uplink scheduling flexibility and
improves the frequency diversity by, for example, allocating clusters of RBs that
are in favorable channel conditions for a mobile terminal over the entire system

20  bandwidth. However, CL-SC-FDMA has its shortcomings and one problem is
that it tends to favor mobile terminals that are closer to the base stations. For
those terminais that are located near the cell edge, the potential frequency

diversity gain may be minimal because of the poor channel condition.



bl ocks paired is not avail able, distance of the resource block to the
center frequency may be used as the value (called a priority value). The
cl oser thwopaiwmscoresource bl ock is to the centre frequearycodmokiogher is
the correlation in general and a |ower potential for 1/Q inbal ance
diversity gain (i.e. has a lower priority value).The nobile termnals (or
users) are then allocated resource bl odks at step 406 according to the

val ues. For exanple, a pair of resource blocks with better channel

qual i ti es Tanaddresethe abowd shortcomimgshit igproposad o aliecateakseureed al | ocat ed
to mobile termnals which contain significant |/Q inbal ances to maxi m ze

the overaldccifhG B BRY hrferats Bmboafih8Atofthe Prefisnt4feriithh, 406 thé BRIpR are
al so other ways of allocating the resource bl ocks. For exanple, the

resource igned in a symetrical fashion, clustered or
A ShPuIH Fi 2

ot herw se, erm nal s or conmuni cati on devi ces. Furthernore,
clustering one or nore resource blocks on either side of the symmetry is
imuaterial, as |ong as each resource block is correspondingly paired to its
symetri cal countergart on the other sjide of the symetry. The resource

bl ocks SmayAtdeRrPdc st hangwidthds dividad & fogma, BBJ.raHfMyOf resource

blocks. lt is preferred in the division that each of the resource blocks can be
paired with another one of the resource blocks that is symmetrical to a carrier or
centre frequency. Figure 7(c) illustrates how the resources are allocated for an
I/Q-imbalance based CL-SC-FDMA scheme. The carrier frequency 314

10  between resource blocks #6 and #7 of Figure 7(c) is corresponding to a DC
subcarrier which is not shown in the figure as it is a null subcarrier instead of a

data subcarrier.

Step 404 then assigns a value to each resource block based on its channel

15 quality and/or correlation of the resource blocks paired. An example of doing
this based on correlation of the resource blocks paired is to rank all the
resource block pairs according to their correlation and use their ranking of each
pair as their values. As an alternative, if the exact correlation of the resource
blocks paired is not available, distance of the resource block to the center

20 frequency may be used as the value (called a priority value). The closer the
paired resource block is to the centre frequency, the higher is the correlation in
general and a lower potential for 1/Q imbalance diversity gain (i.e. has a lower

priority value).



el aborate, nobile term nals or communi cati on devices nmay be grouped based
on the systemarchitecture. Specifically, the nobile termnals are divided
into two wo 20oweseroups accordi ng to which system ar chi rettseranstobeyo use for
baseband-to- RF signal conversion. In other words, the grouping is based on
how the signals are to be converted for transm ssion. For those that

i npl ement the | owcost Zero-1F architedfure and with non-negligible
transmt 1/Q inbal ance, they are placed in a "low cost group”. In contrast,
f or t hose TtHeahobieterminalst(beusarsy ard themadllosateel resetmechlipaks at stept4dt ur e
with mnimal or even negligible I/Qinbalance, they are placed in the

" hi gh- end ft-81fing BeROvAles Foras@inibCapalres wdcuree plodkeadtiebettérer, it is
cl ear that the system performance of the | ow cost group's term nals would

be inprov agﬁél mgg%nhqgwra;} Egrrg%géﬁgﬁm% Ib%)(;i\;erﬁea hmr%r,i)atué Ay i mbal ance i f

the |/ Q based subcarrrer p equat | I' s consi dered.

Figure 4 also s orts. this, show. t hat f.he t e, e of the
edge subcﬁjlppaegﬂgénﬁé'{% Eqm*"?f"jﬁ V‘f’\‘.‘ﬁ?"%‘? a{rhéaﬁlg%@rle '@§é[:agfcrg|§g§s as pk
decreases with the spacing between the paired resource bl ock/ subcarriers.
Based dn tmaxigizgihiecovaral sysies? PafPERaRt®n being performed in pairs, the

| omcost group's termnals are assigned with edge clusters contai ning
symetric

instead of steps 404 and 406, there are also other ways of allocating the
resource blocks. For example, the resource blocks may be assigned in a
symmetrical fashion, clustered or otherwise, to the mobile terminals or

10 communication devices. Furthermore, clustering one or more resource blocks
on either side of the symmetry is immaterial, as long as each resource block is
correspondingly paired to its symmetrical counterpart on the other side of the

symmetry.

15 The resource blocks may be allocated based on the types of groups. To
elaborate, mobile terminals or communication devices may be grouped based
on the system architecture. Specifically, the mobile terminals are divided into
two or more groups according to which system architecture they use for
baseband-to-RF signal conversion. In other words, the grouping is based on

20  how the signals are to be converted for transmission. For those that implement
the low-cost Zero-IF architecture and with non-negligible transmit I/Q imbalance,
they are placed in a “low-cost group”. In contrast, for those that implement the.
conventional super-heterodyne architecture with minimal or even negligible 1/Q

imbalance, they are placed in the “high-end group”.



resource bl ocks, while centered clusters are allocated to the termnals of
the other group. To give further exanples, based on the assunption that
nobi | es #vd 2ands¢fd4bel ong to the | ow cost group whil e nebirise2did/bs0d n t he
hi gh-end group. FromFigure 7c, it would be appreciated that nobile # 1 is
assigned with edge clusters with a resource group having four RBs 316, 318
which are symmetric to the center frequé&hcy, while nobile #2 is all ocated
with RBs # 3, 4, 9 and 10, which is forned by another resource group. As
for nobile #3, since the inpact of the transmt I/Q inbalance, and hence
the potential achievable diversity gain, is smaller, it is assigned wth
only the centered clusters (RBs #5 to #8) which forns a further resource

group. By aBasedionithe tanalytiell fesults debpabesd barliehat %t&é‘ﬁr RO s ystélq | ow- cost
group nobiles are able to take advantage of the I/Q i nbal ance wthin their

transm tt edefbiah& MAcRERLYE tqﬂél}i% $rii nglgf[v{/‘buda- r?fe lmfiﬁgvgdma[sgcfpﬁ}b%edem' n

relatively'less affected sl nce el'r transm

to the tenforelp bR S he eV olihane Bl et ceer © 0"
o Rt AR S P B v
showing that the system performance of the edge subcarriers is better than that
of the centered subcarriers as p;, decreases with the spacing between the
paired resource block/ subcarriers.
10
Based on the example of cluster allocation being performed in pairs, the low-
cost group’s terminals are assigned with edge clusters containing symmetric
resource blocks, while centered clusters are aliocated to the terminals of the
other group. To give further examples, based on the assumption that mobiles
15 #1 and #2 belong to the low-cost group while mobile #3 is in the high-end group.
From Figure 7c¢, it would be appreciated that mobile #1 is assigned with edge
clusters with a resource group having four RBs 316,318 which are symmetric to
the center frequency, while mobile #2 is allocated with RBs # 3, 4, 9 and 10,
which is formed by another resource group.
20
As for mobile #3, since the impact of the transmit I/Q imbalance, and hence the

potential achievable diversity gain, is smaller, it is assigned with only the

centered clusters (RBs #5 to #8) which forms a further resource group.



in allocation steps 404 and 406. For exanple, the total available frequency
band or resource bl ocks can be divided into two or nore groups. Only one or
nmor e gr owwe 20fo/semaur ces are al l ocat ed accordi ng to thepoeisicachodesws i bed
above to explore I/Q inbal ance diversity. O her groups of resource bl ocks
can be allocated differently, for exanple using conventional cluster based
techni ques. Denmappi ng nodul e At the rec®iving section 250 of, for exanple a
nobi | e conmmuni cati on device, the received tine domain signals are processed

by the W%{/SII@&&%H&B @teﬁﬂﬁw@.rﬁﬁ% BBl MARNERNNE Idvrdobl d@r@ubl me donai n

to frequency donai DFT nodul e 254. It should be note hat the

recel ved 1l ggdo FYE AR PR Rl W&@ﬂ RORARS A"

devi ces wi & ARmunT cact on requency
signal s occu the entire freguenc nd _i,ncl ude r aII
t he commrﬁ'%%?&’i‘dd%r?pﬁ% d'VIeﬁ&&aQﬁiX gﬁﬁ%‘r‘ﬁ 399@50%{/? @'n { ?é'vgynl&%% ng
nodul e 256 extracts the frequency donmain signals hel on t he resource
bl ock pai raffgatest sineg th@'rFW@SWF'EBalﬁ)‘?ﬁﬁjﬁi”c'aﬁﬁgﬁff'cé%ﬁ@ég&a? ']dts)
exanple, and referring to Figure 7c, mobile # 1's demappi ng modul e 256 i s
conf i gur edthey aee atllacated rrewmrgzetmwlgm to the center of symmetry -

frequencies which would not benefit significantly even if I/Q imbalance was

considered.

in the alternative, the resource blocks may be allocated using a hybrid method
10 in allocation steps 404 and 406. For example, the total available frequency band

or resource blocks can be divided into two or more groups. Only one or more

groups of resources are allocated according to the method described above to

explore 1/Q imbalance diversity. Other groups of resource blocks can be

allocated differently, for example using conventional cluster based techniques.
15

Demapping module

At the receiving section 250 of, for example a mobile communication device, the
received time domain signals are processed by the Cyclic Prefix Removal
20 module 252 and then converted from time domain to frequency domain by the

DFT module 254.

It should be noted that the received time domain signals include signals for all

the communication devices within the communication network and thus, the



fromresource block pair 316, 318, whereas nobile #2 is configured to
extract signals on resource block pair as defined by resource bl ocks

3, 4,9, 10.wohvavostive demappi ng nodul e 256 has extracted troe/scasmsspondi ng
signals fromthe allocated resource block pair, the frequency domain
equal i zati on nodul e 258 perforns equalization on the signals one subcarrier
by one subcarrier. In the alternative, 3t is preferred to performjoint
equalization for 2 or nore subcarriers of the resource block pair. As it

can be aprFé%fE}eﬁgg‘ri’Jon‘ié]ﬁ Sighal$ HBSRY th! éntRé FreqUBRBY bhRd dhdansiateifr

frequency 1 n or to achieve diversity gain. Maxi mum | i kel i hood detection

(M.D) maylgﬁ)ﬁ@gEog,ré;t){heft%bqnh]%inﬂ‘]taﬁgﬁtd%%d'ﬁggielf conplexity of MLD is of

concern, exity ‘equal’i zation ction such as various near M.D
or interference cancellation types or iterative algorithms my be
considered. Finally, the equalized signals are converted back to tine

domei . O, KB T oA SR B BA expitiy e o g ne
S TR PR T I o
resotree specific communication device or user. For example, and referring to Figure 7c,

mobile # 1’s demapping module 256 is configured to extract or only take signals

from resource block pair 316, 318, whereas mobile #2 is configured to extract

signals on resource block pair as defined by resource blocks 3,4,9,10.

10
After the demapping module 256 has extracted the corresponding signals from

the allocated resource block pair, the frequency domain equalization module

258 performs equalization on the signals one subcarrier by one subcarrier.

15 In the alternative, it is preferred to perform joint equalization for 2 or more
subcarriers of the resource block pair. As it can be appreciated, the two
subcarriers are symmetric to a carrier frequency in order to achieve diversity
gain. Maximum likelihood detection (MLD) may be used for the joint detection. If
complexity of MLD is of concern, lower complexity equalization/detection such

20 as various near MLD or interference canceliation types or iterative algorithms

may be considered.

Finally, the equalized signals are converted béck to time domain by IDFT
module 260 and decoded by decoder 262 to obtain the original signals.

25



bl ock mapping are investigated. Table Il summarizes the sinulation
paraneters used for a sinplified uplink 3GPP LTE-A systemwhich is used to
benchmar kwoheimasioeus schenmes. In the sinulation, it ispesserad/ovbuad the
cluster/RB allocation to the nobile termnal is perforned by the schedul er
such that the clusters/RBs chosen are advantageously based on the channel
conditions of the nobile termnals. The PAPR characteristics of various
resource bl ock allocation schenmes are anal ysed based on their conpl enentary
curul ative distribution functions (CCDFs), which refer to the probability
that the PAPR is higher than a certain threshold value, PAPRO. Figures 10
and 11 show the CCDFs with and without the inplenentation of a raised

cosine filter as the pul se shaping filter, respectively. The |/ Qi nbal ance
based CL- SC-FDVA has about 0.5 dB and 0.3 dB gains over the CL-SC-FDMVA for

t he 99.9- il R when QPSK and 16QAM are used, respectively. The
results aﬁgﬁm%th the findings that the PAPR increases with the

filter on ThePARBac fieerarOstTES GG HENR SEFLF Lot SUMSHEUSDEr age BER |
performance of a nobile termnal at the celledge in 3GPP LTE-A uplink. In
the si mul avarious, resdurce/bipak dlacatiopesgheorest (including £¥HaMA, LFDMA,

Clustered SC-FDMA, and I/Q-based CL-SC-FDMA) based on the resource

block mapping are investigated. Table Il summarizes the simulation parameters

used for a simplified uplink 3GPP LTE-A system which is used to benchmark

the various schemes. In the simulation, it is assumed that the cluster/RB

10 allocation to the mobile terminal is performed by the scheduler such that the
clusters/RBs chosen are advantageously based on the channel conditions of
the mobile terminals.

Table i

Simplified Simulation Parameters for 3GPP LTE-A Uplink

Parameter Value
Carrier frequency 3.4 GHz
Transmission bandwidth 20 MHz

3GPP typical urban area propagation
Channel model

model
Number of subcarriers, N 2048
Number of RBs per mobile terminal 40 (480 subcarriers)

2 (20 RBs per cluster), 8 (5 RBs per
Number of clusters

cluster)




CL- SC-FDVA, and the conventional MD is considered in LFDMA, CLSC- FDMA,
and OFDMA. It is clear fromFigure 12 that the |/ Qi nbal ance based 1/Q M.D
achi eves wobgmiséiogant i nprovenment. This is nmainly due toTisiceodacd40d hat t he
descri bed enbodi nent exploits, rather than mtigates, the transmt 1/Q

| mbal ance. Based on the above, it can be seen that the transmt 1/Q

i mbal ance on the transnmit diversity ordér has a significant inpact on the
average BER performance for a single-antenna OFDM system In particular,

t he pot entyiadulagomfadthe transmt 1/ Q ijmRB&EHdéQXd be expl oited by
consi derijng a joint subcarrierbased maxijmum | i kel i hood detector that pairs

the receirgysl @ﬂap.r@wmaﬁ I BEAraHRC 2" TR ETeHIOBir Fitc? O FToIFTa Ugal e

transpose o e su carrier. Using the m ni mum Eucl i dean di stange
anal ysi s, § that the m ni mum di creases with the centain
range of tcﬁ %%@W’%ge m smat ch, and a tr%%@%t dg'versmy order of at |nost
2 can be | — s {—g—t—h-&t——hewel_t—he—aem—eva-bl e
di ver si t y| G¥arEAMPIRG fagtor the on the®val ues of the anplitude and|phase
m smatchgs, the nultipath decay profile | and the correlation-of the channel

coef fi ci grAmplitedeeeismaiehpai red subcarri jearss 0.3

Phase mismatch, ¢r ¢ = 5°

(a) Perfect composite CSl H, given
Others

in equation (7)

(b) No channel coding

The PAPR characteristics of various resource block allocation schemes are
analysed based on their complementary cumuiative distribution

5 functions (CCDFs), which refer to the probability that the PAPR is higher than a
certain threshold value, PAPR,. Figures 10 and 11 show the CCDFs with and
without the implementation of a raised cosine filter as the pulse shaping filter,
respectively. The I/Q-imbalance based CL-SC-FDMA has about 0.5 dB
and 0.3 dB gains over the CL-SC-FDMA for the 99.9-percentile PAPR when

10 QPSK and 16QAM are used, respectively. The results are consistent with the
findings that the PAPR increases with the number of clusters, and there is only
a minimal impact of the pulse shaping filter on the PAPR characteristics of

LFDMA.

15 Figure 12 shows average BER performance of a mobile terminal at the cell



By taking subcarrier pairing into account, the requirenents for the RF
transcei ver subject to the I/Q inbal ance nay be relaxed. In other words, it
i s not newesavoseiod fully conpensate both the anplitudepramdGrimneos09

m smatches iftheir values fall into a certain range that can maxi m ze the
m ni nrum Eucl i dean di stance as derived in Theorem 1 and Corollary 2. The
descri bed enbodi nent should not be cons#rued as limtative. For exanple,

t he described enbodi nent describes the subcarrier allocation as a nethod

but it wo ?@PPVL@E-A&W@M hetheesifeshtiohs, e VaEDES usedder thedéQi ce,
nor e speci |ca |y as an Integrated Crcuit (IC) In this case, the I C may
Sl
.

| ncl ude @ PIAGCrISULFHinA SRBftH%H&‘?\%ﬁtBJ;%PML?'g@éd?\%g}é?éd%‘ﬁFmROGLSteIOS

di scussed ures | e devices # 1, #2 and
#3 are des but .0 i C A ust
robil o devs b and REPMAIT B ram 0@ £ thef e PV B4R lpe Babed
cellular network, such as a etvvork adopt 3 ut

appar ent tatM LRachaves »eigni %Bﬂiwwemt%@ﬁ'%@ﬂ)ég ﬁoéﬁﬁi?&%?el ess
comruni cati on networks for comruni cati on of voice and/or data, The

descri bed thetresicribed emnbedinest explaits t latherdban nytigaes clhepsansME /e symet ri ¢

to the carrier frequency or centre frequency. This may be regarded
imbalance.

Based on the above, it can be seen that the transmit 1/Q imbalance on the
transmit diversity order has a significant impact on the average BER

10 performance for a single-antenna OFDM system. In particular, the potential gain
of the transmit 1/Q imbalance can be exploited by considering a joint subcarrier-
based maximum likelihood detector that pairs the receive signal of the desired
subcarrier with the complex conjugate transpose of its image subcarrier. Using
the minimum Euclidean distance analysis, it is shown that the minimum

15 distance increases with the certain range of the amplitude mismatch, and a
transmit diversity order of at most 2 can be provided. It is important to note that,
however, the achievable diversity gain is highly dependent on the values of the
amplitude and phase mismatches, the multipath decay profile, and the
correlation of the channel coefficients between the paired subcarriers.

20
By taking subcarrier pairing into account, the requirements for the RF
transceiver subject to the 1/Q imbalance may be relaxed. In other words, it is not

necessary to fully compensate both the amplitude and phase mismatches if



as a "centre" frequency to the resource block pairs and may not be "centre"
of the system bandw dth. Al though the described enbodi nent describes a nore
t han one weowwise20bl ock pairs but there may only be oneppaisGab/on@sour ce

bl ock to be allocated to two comuni cation devices, for exanple. In this
case, it is still required to select which of the two or nore devices are
al l ocated the resource block pair. It i4 al soenvisaged that the two or nore
comuni cati on devices share the resource bl ock pair. For exanple, at one

ti me, one théir vaRiesonimtoca teaaind@rgecthat@aasmasimizé thd eninesonrBuclideank pai r
and at another tinme, another one communication device nmakes use of the
resource tﬁi%r @3k derivBd iMThe¥ftn 1t 4hd CORSIEE2. t hat the communi cation
devices are a focated a pair of resource block in order to exploit any 1/Q
i nbal ance to achieve diversity gain. Wilst there has been described in the
f oregoi ng description enbodi nents of the present invention, it will be

under st ood_by .t hose ski|led i he techpol o concer,ned .t hat. man
vari at i ongn? dgggrhedsery Og'&‘?fgni oU QPPBstqoﬁﬁtrﬁﬁﬁlaﬁrl"‘@gﬁéw&t :F(?ﬁ eh(églnpﬂ)ee nmade
w t hout departing from scope as clained. CLAIMS 1. A nethod of all ocating
syst emSbarthgideseribed gmhadimgnt dgseribes thafupsaraer alpcalionaas adnathodupw ity
of communi cation devices , the
it would be apparent that the method may be implemented as a device, more
specifically as an Integrated Circuit (IC). In this case, the IC may include a
processing unit configured to perform the various method steps discussed
earlier. Further, in Figures 7(a)-(c), mobile devices #1, #2 and #3 are described
10  but other communication devices are envisaged, not just mobile devices. The
described embodiment is particularly useful in a cellular network, such as a
network adopting 3GPP LTE, but it should be apparent that the described

embodiment may also be used in other wireless communication networks for

communication of voice and/or data.

15
The described embodiment discusses that the resource block pairs are
symmetric to the carrier frequency or centre frequency. This may be regarded
as a “centre” frequency to the resource block pairs and may not be “centre” of
the system bandwidth.

20

Although the described embodiment describes a more than one resource block
pairs but there may only be one pair of resource block to be-allocated to two
communication devices, for example. In this case, it is still required to select

which of the two or more devices are allocated the resource block pair. It is also



met hod conprising, (i) dividing at |east part of the system bandwi dth to
formresource bl ocks anongst which there is one or nore pairs of the
resour ce wbaokwssyametric to a carrier frequency; (ii) Persclioombysoo

al l ocating the one or nore resource block pairs to one or respective ones
of the plurality of comunication devices. 2. A nethod according to claim
1, wherein the resource bl ocks conpriseda plurality of frequency bands. 3.
A et hod according to claim1 or 2 wherein the resource blocks in the one

or nore r db!rfé?Hheatw& of GiBfd $&tnAufRBlibAUdsVicdRfar thd easaitebes. 4
. A netho rding to claiml or 2, wherein the resource blocks in the

o, ?reque&‘i?%@%*”ﬁ&réﬁiﬁé'e SR B, Son R, SO Bt
glogip;nl ;' nf méfgtpteggg%&?sgl rgglggé'ig %WB OCk’I’@R%E% @é‘é’”ﬁ%%g %%g‘g'&g‘#tlg@sour ce

bl ock pair with a val ue based on at | east one
device makes use of the resource block pair. in this way, this ensures that the

5 communication devices are allocated a pair of resource block in order to exploit

any I/Q imbalance to achieve diversity gain.

Whilst there has been described in the foregoing description embodiments of
the present invention, it will be understood by those skilled in the technology
10 concerned that many variations in details of design, construction and/or

operation may be made without departing from scope as claimed.



of : channel quality of the resource blocks and correlation of the symmetric
resource bl ocks of the resource block pair. 7. A nethod according to claim
6, whereiwosbmmwséion) includes allocating at | east one ofcCrise2emsoguoed
resource block pair based on the assigned values. 8. A nmethod according to
any of claims 5 to 7, further conprising the step of allocating a resource
bl ock pair fromthe nore than one resourdse bl ock pairs which is closer to
t he edges of the system bandwi dth to one of the plurality of conmunication
devi ces whi ch produce signals with greater in-phase/quadrature phase
i mbal ances (I/Q inbalances). 9 . A nmethod according to claim5, further
conprisingcuxiMg to step (i), grouping the plurality of comunication
devi ces baSed on how their corresponding signals are converted for
transm ssion. 10. A nethod according to claim9, further conprising the
step of grouping selected ones of the plurality of comunication devices as
a first grqup if, the corresponding signals are converted directly from
baseband tg' radfb?‘?gmigﬂ{c@fdpcéﬁagé Bigpr Rgndwidia i@ mubipleaceass plurality of
conmuni cation devices as a second group if the corresponding signals are
convertéd basedCemmupicatignesystemdosaiphsality oficosununieatiomdeditbsc #ié ng t he
plurality

method comprising,

(i) dividing at least part of the system bandwidth to form resource blocks
amongst which there is one or more pairs of the resource biocks
symmetric to a carrier frequency; |

10 (ii) selectively allocating the one or more resource block pairs to one or

respective ones of the plurality of communication devices.

2. A method according to claim 1, wherein the resource blocks comprise a

plurality of frequency bands.

15
3. A method according to claim 1 or 2 wherein the resource blocks in the
one or more resource block pairs comprises a contiguous band of
frequencies.
20 4. A method according to claim 1 or 2, wherein the resource blocks in the

one or more resource block pairs comprise one or more non-contiguous

bands of frequencies.



of resource block pairs based on the groupings. 11. A nethod according to
claim9 or 10, wherein the first group is allocated resource block pairs
near the wogeloais6iohe bandwith to be allocated. 12. A nerhoscacoondiong to
any preceding claim wherein the entire systembandwi dth is divided in step
(1). 13. A nmethod according to any preceding claim wherein the plurality
of communi cation devices uses OFDM for 46i gnal transm ssion. 14. A nethod of
processing signals for a receiver of a comunication device, the

comuni catg.on demietkod attgrdintetocdnyBprdoeding ¢ldin®ffugRemedinpesingmeeyices in a
mul ti pl e access communi cati on system having a system bandw dth, at |east

part of tRhRagyRkGEEOFREWIGMpARI NG divided to formresource bl ocks amongst
which there Is one or nore pairs of resource blocks symmetric to a carrier

frequency which are allocated to one or respective ones of the plurality of
comuni cati on devices, the comuni cation device being allocated a first

b Kk ir, f th . bl ock ' th t hod
compr 1 51 ngp+ ne Asseot ACkotind reiom E: Bgie o areind SrioBbRea i the one

or nore resource block pairs, the received signals including signals
i nt endéd frepownges F5J||Qﬁk§| qftey'acbfresource block pair with a value based on at least one

of: channel quality of the resource blocks and correlation of the symmetric

resource blocks of the resource block pair.

7. A method according to claim 6, wherein step (i) includes allocating at

10 least one of the assigned resource block pair based on the assigned values.

8. A method according to any of claims 5 to 7, further comprising the step of
allocating a resource block pair from the more than one resource block pairs
which is closer to the edges of the system bandwidth to one of the plurality of

15 communication devices which produce signals with greater in-phase/quadrature

phase imbalances (I/Q imbalances).

9. A method according to claim 5, further comprising, prior to step (i),
grouping the piurality of communication devices based on how their

20 corresponding signals are converted for transmission.

10. A method according to claim 9, further comprising the step of grouping
selected ones of the plurality of communication devices as a first group if

the corresponding signals are converted directly from baseband to radio



comuni cati on devi ces; demapping the received signals to extract signals
only fromthe allocated first resource bl ock pair; and recovering originals
si gnal s w0 20tv@56ATTUNI cat i on devi ce based on the demappet/Ss2enabeo9 15. A
met hod according to claim 14 wherein the first resource bl ock pair
conprises a contiguous band of frequencies. 16. A nethod according to claim
14 or claim 15 wherein the recovering s#ep includes processing of the

signal by one of: a maximum likelihood (M.) detector, an ordered successive

interference canegléndy, @nd(drblpihgdRiastbaonesof e pluraltyiof Goffth@sitaion 17. A
base station configured to conmunicate with a plurality of comunication

dovi ocs aceor 0 Bgvge b3 CRohtyRlp AW elorilspkRliny dndiordfionticd
communi cat i on dBered Sadtt PdetRetesdin AR RERENG A hureBoodbe pliaie
according to the_nethod of any.of clagins 14 to 16.20. An integrated circuit

(10 for a nul t PhIESONEERIOCK BRirE MagSE Bhihe,drPERINgS-

5

11. A method according to claim 9 or 10, wherein the first group is allocated

resource block pairs near the edge of the bandwith to be allocated.

12. A method according to any preceding claim, wherein the entire system

10  bandwidth is divided in step (i).

13. A method according to any preceding claim, wherein the plurality of

communication devices uses OFDM for signal transmission.

15 14. A method of processing signals for a receiver of a communication device,
the communication device being one of a plurality of communication devices in
a multiple access communication system having a system bandwidth, at least
part of the system bandwidth being divided to form resource blocks amongst
which there is one or more pairs of resource blocks symmetric to a carrier

20 frequency which are allocated to one or respective ones of the plurality of
communication devices, the communication device being allocated a first

resource block pair from the one or more resource block pairs, the method

comprising the steps of:



configured for allocating system bandw dth of the conmmunication system,
the 1C conprising: (i) a processing unit configured to divide at |east part
of the sywoemossmwi dth to formresource bl ocks anpongst pefmischomess#®9 i s one
or nore pairs of the resource blocks symetric to a carrier frequency,
selectively allocating the one or nore resource block pairs to one or
respective ones of the plurality of comsuni cation devices. 2 1. An
integrated circuit (1C) for a nmultiple access conmuni cation system

configur e%fzé’iﬁn@ﬁﬁ@%é@ wHid@eScdrfibd n HREEhY OF MbrereSBHTBLHIGEH paiks devi ce,
t he communi cati on device being one of a plurality of comunication devi ces

| cast par i ToREed S B WEMEHL ARnBK T ERRG e R TITBY 2200 ce b ocks

anongst which th,erﬁﬂi S, one or nore pairs of resource blocks symetric to a
carrier fre¥UBHRICAURAN AFVIGES: al | ocated to one or respective ones of the
plurality of communi cation devices, the comunication device bein
al | ocat ed demapRing the feraleedsigprisdaiaxtipebiionals oMy fram e é“??@é%%ﬁg% bl ock
pairs, the I C conprising

5 resource block pair; and

recovering originals signals for the communication device based on the

demapped signals.

15. A method according to claim 14 wherein the first resource block pair

10 comprises a contiguous band of frequencies.

16. A method according to claim 14 or claim 15 wherein the recovering step
includes processing of the signal by one of: a maximum likelihood (ML)
detector, an ordered successive interference cancellation (OSIC) detector, or an

15 iterative detector.

17. A base station configured to communicate with a plurality of

communication devices according to the method of any of claims 1 to 13.

20 18. A communications network configured to communicate according to the

method of any of claims 1 to 16 during uplink or downlink communication.

19. A communication device configured to communicate with a base station

according to the method of any of claims 14 to 16.



a processing unit configured to receive the signals which are carried in
the one or nore of the resource block pairs, the received signals including
si gnal s iwbentedefoar the plurality of conmmuni cati on devipCEsGdanapodhne
received signals to extract signals only fromthe allocated first resource
bl ock pair; and recover originals signals for the comunication device
based on the demapped signals. 22. A bage station conprising an IC
according to claim?20. 23. A communication device conprising an |IC
according to claim2 1.

20. Anintegrated circuit (IC) for a multiple access communication system
configured for allocating system bandwidth of the communication system , the
IC comprising:

5 (i) a processing unit configured to divide at least part of the system
bandwidth to form resource blocks amongst which there is one or more
pairs of the resource blocks symmetric to a carrier frequency, selectively
allocating the one or more resource biock pairs to one or respective ones
of the plurality of communication devices.

10

21.  Anintegrated circuit (IC) for a multiple access communication system

configured for processing signals for a receiver of a communication
device, the communication device being one of a plurality of
communication devices in a multiple access communication system

15 having a system bandwidth, at least part of the system bandwidth being
divided to form resource blocks amongst which there is one or more
pairs of resource blocks symmetric to a carrier frequency which are
allocated to one or respective ones of the plurality of communication
devices, the communication device being allocated a first resource block

20 pair from the one or more resource block pairs, the IC comprising
a processing unit configured to receive the signals which are carried in
the one or more of the resource block pairs, the received signals

including signals intended for the plurality of communication devices;
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demap the received signals to extract signals only from the allocated first
resource block pair; and
recover originals signals for the communication device based on the

demapped signals.

22. A base station comprising an IC according to claim 20.

23. A communication device comprising an IC according to claim 21.



