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_1 Abstract—One limiting issue in implementing high-speed of the devices. Therefore, efficient compensation techniques in
wireless systems is the impairment associated with analog pro- the digital baseband domain are needed for the transceivers [8].
cessing due to component imperfections. In uplink transmission |y this paper, we start with investigating the impact of 1Qls

of multiuser systems, a major source of such impairment is I1QI . - . .
introduced at multiple transmitters. In this paper, we deal with introduced at the multiple transmitters in OFDMA and SC-

OFDMA and SC-FDMA which have received attention in recent FDMA uplinks. Firstly, we describe the base band received
years as physical layer protocol in WiIMAX and 3GPP LTE, signal models for the systems with general, interleaved and
and analyze the effect of the transmitter (Tx) 1Q imbalances on |ocalized subcarrier allocations in the presence of transmit-
OFDMA and SC-FDMA receivers. To cope with the inter-user o, (Tx) 1QIs and also derive user-by-user received signal-

interference problem due to Tx IQ imbalances, we propose a , . . .
widely linear receiver for OFDMA and SC-FDMA systems and to-interference ratio (SIR) after user separation, where the

also propose a novel subcarrier allocation scheme, which has high interference is due to the Tx IQIs. Through our formulations, it
tolerance to such Tx IQ distortion. will be revealed that the Tx IQls sometimes cause severe inter-
Index Terms—IQIl, OFDMA, SC-FDMA, IFDMA user interf_erence (un gt the receiver and the appearance of
the 1UI uniquely determined by the employed subcarrier allo-
cation, e.g., in the OFDMA system with interleaved subcarrier
I. INTRODUCTION allocation, the IUIs occur between certain pairs of users, while
specific two users can avoid such IUl. Heretofore the analysis
on the impact of Tx and/or receiver (Rx) IQls and some useful
Recently, orthogonal frequency division multiplexingcompensation methods have been reported for the OFDM
(OFDM) [1] based multiple access schemes are attractingtejvers [8]-[14]. However, to the best of our knowledge, few
much attention for uplink physical layer protocols in highyorks has been done focusing on the such unfair IUI problem
speed wireless networks. The most prominent example of tlige to the Tx IQIs in OFDMA and SC-FDMA systems. Based
is orthogonal frequency division multiple access (OFDMAg the analysis, we consider signal processing techniques to
employed in IEEE802.16e (WIMAX) [2]. Other significant ex-compensate for such distortions in OFDMA and SC-FDMA
ample is single carrier frequency division multiple access (Sgeceivers. For the OFDM systems, the widely linear (WL)
FDMA) [3], including interleaved frequency division multiplefiltering approach [16], [17], which jointly elaborate the
access (IFDMA) [4], which results from the application ofeceived signal and its conjugate, have been explicitly or
discrete Fourier transform (DFT) preceding to the modulatigmplicitly adopted to the equalization problem in the presence
process in OFDMA. Due to the low peak-to-average-powesf |QI. We also resort to the WL approach and propose WL
ratio (PAPR) of the modulated signals, SC-FDMA can easggualization and multi-user detection method for OFDMA and
the requirement on the power amplifiers of the transmitter§C-.EDMA based on the zero-forcing (ZF) and minimum-
Therefore SC-FDMA has been employed for uplink physicghean-square error (MMSE) criteria. Especially for the system
layer protocol in 3GPP Long Term Evolution (LTE) [S], wher&yjith interleaved subcarrier allocation, we propose an efficient
lower PAPR greatly benefits mobile handsets in terms of powggirwise equalizer which resulting from our analysis on the
consumption. user dependent IUl. Finally, we propose a novel subcarrier
A low-cost implementation of such physical layers is degllocation method, which has high tolerance to the Tx 1Q
sirable in view of mass deployment, but challenging due stortions. Recalling, the subcarrier allocation dependent [UI
impairments associated with the analog components. A maj@mponent is the main source of performance degradation
source of analog impairments in high-speed wireless commigused by the Tx IQIs. Therefore, by employing some specific
nications systems is the In-phase/Quadrature-phase imbalagi@§carrier allocations, we can avoid the 1UI and efficiently
(IQN) [6], [7]. The IQI is the mismatch between | and Qsuppress the ill effect of the Tx IQIs at the OFDMA receiver.
balances due to the analog imperfection and introduced both inThis paper is organized as follows. Firstly, we introduce
the up- and down- conversion at the transceivers. In generakdme matrices and their characteristic which will be used in
is difficult to efficiently and entirely eliminate such imbalanceghe rest of the paper. Sec. Il formulates the effect of Tx IQIs
in the analog domain due to power consumption, size and cggt the received OFDMA and SC-FDMA symbols. In Sec.

. _ _ . __ll, the joint channel equalization and multi-user detection
Copyright (c) 2008 IEEE. Personal use of this material is permitted.
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IUI problem due to the Tx IQIs for OFDMA and SC-FDMA where W (2) denotes the second column W. SinceIT™ is
transmitters in Sec. IV. In Sec. V, the validity of our analysisolumn wise up-shifting matrix, we hadd™ = T = 1!,
and the effectiveness of the proposed methods are evaluatdhat is more, it is clear thdil™ andII~" represent:-times
via computer simulations. Conclusions are given in Sec. Vidown shifting matrix and up shifting matrix respectably (Here
we assumer < KM for convenience). From (5), we have

B. Notations and Groundwork " = VKMW"diag{W (n + 1)}W 7
The notations used in this paper are as follows: the usual I " = vVKEMWYdiag{WH(n + 1)} W. (8)

bold capital letters are used to denote column vectors or o
matrices and(-)*, (-)T, and (-)¥, are complex conjugate, Thus, from (2), (3), and (7), it is clear that
transpose, and Hermitian transpose (of respectively. An W2U = UW?2, (9)
M x M identity matrix is denoted by;; and 0y, is an 2T TTnKr2
all-zero matrix of sizeM x N. We also use digx} as a WAL =11 "W (10)
diagonal matrix whose diagonal elements consist of the vector
x, || - || denotes the Euclidean norm of vector, dng is the II. SIGNAL MODEL WITH | QI
expectation operation. In this section, signal models for OFDMA and SC-FDMA
Further on, let us introduce some matrices and their prdp.the presence of Tx QI will be derived. First, we describe the
erties which will be used in the paper. KM x KM matrix |Q distorted received signal model for OFDMA with general
W representsk M-point DFT matrix and itgm,n) element subcarrier allocation. Then the impact of the interference due
is given by to the Tx IQIs at the conventional receiver is investigated.
Furthermore, we specify the models to the systems with two
, (1) major subcarrier allocations, namely interleaved and localized,
VEM and show the unfair IUIs depend on employed subcarrier al-
wherem,n =1,2,--- , KM. On the other handW denotes locations. After that, a system model for SC-FDMA including
M x M DFT matrix. We also consider the square of the DFIFDMA will be shown. In the followings, we assume a system
matrix: with K users and the availabl& M/ subcarriers are divided
into K subcarrier groups equally.

1 —jean m=Dn=1)

W(m,n) =

)= {1 (m=n=1orm=KM—n+2)
0 (otherwisg A. OFDMA with General Subcarrier Allocation

2) Fig. 1 depicts the block diagram of the OFDMA system of
wherem,n = 1,--- , KM. ThusW? is a permutation matrix. our interest. Les;, = [sx(0), sx(1), -+, sx(M — 1)]* desig-

U is defined as<' M x M expander matrix, whos&m-th nate a block ofM data symbols transmitted by a user with
row is equal to them-th of I;; and the other rows are zeroindexk (k = 1,2,--- , K). The data symbols may result from
vectors. Left multiplication ofU to a matrix represents anapplication of a modulation scheme like PSK or QAM to either
expand operation,i.e., inserting — 1 all zero rows between forward error control coded or to uncoded data bits. In this
two neighboring rows of the matrix and increase the numbBaper, we discard the time index for convenience, since we will
of rows K times. On the other hand, left multiplication BF!  consider block by block transmissions and equalizations, and
corresponds to decimation, which is the operation of pickirfgVver refer to previous or subsequent blocks. The assignment
up everyK-th row. It can be verified thall can be expressed Of the data symbols;, to the user specific set dff subcarriers

by using DFT matrix as [20]: can be represented iy M x M mapping matrixM; and a
K M-point IDFT matrix W, The mapping matridM;, has a
1 Y Tar B 1 T V3 unique element of one in each column and has properties of
U=-—=W I W=—W | ! | W
VK Iy VK 18] M M, = {OMXM (L7 R) ; (11)
T (l=Fk)
We also introduce @& M x KM down-shifting matrixII
whose (m,n) elementsII(m,n), with m,n = 1,--- | KM, and
is given by MZMT _ {OK]\/[XK]\/I (l 7& ]{1) (12)
P ldiagim,t (k=1)’
(m,n) 1 (m:n-+1 InodKM'). @
’ 0 (otherwise where theK' M x 1 vectormy denotes the placement of the

o _ . occupied subcarriers by thieth user, whose elements consist
Left multiplication of IT denotes the column wise circularof A/ 1s and(K — 1)M Os. UsingMj,, the transmitted signal
down-shift operation. Since the shifting matrix is a circulardf the k. th user is given by
matrix, we can diagonalize it using DFT matrix as

x, = WHMs;,. (13)
IT = VEKMWHdiag{W(2)}W, (5) o _
) - - Before transmission, the baseband signals up-converted
= VEMWdiag{W"(2)}W", ) to the radio frequency signal by using a local oscillator
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Fig. 1. The OFDMA system with Tx IQIs and the notation used in the derivations. Note that the insertion and removal of the cyclic prefix are not shown
in this figure for ease of notations.

(LO) of the carrier frequency. Ideally, the LO outputs foas,
the | and Q branches (representing the real paftxRg and
imaginary parts Infix;}) should have equal amplitudes and . _ ZHkik +n
phase difference of /2. However, in practice, the matching

of I and Q signals is habitually imperfect and this leads to

the amplitude and phase imbalance between the | and Q = WH<
signals. Such impairments are known as Tx IQ imbalance

or mismatch and this severely limits the performance of tk\‘ﬁhere Ay = diag{Wh;}, and the KM x 1 vector n

receiver, espeglally i cheap components or architectures, e, Shotes additive noise. In addition, even if the length of CP is
direct conversion architecture [18], are employed. The |
msufficient, we can reduce the ill effect of insufficient CP

glr.stc_)r:;dgs:]g;al o;ntglqtﬂst(rzlog_seratc:n[et_je[;;oadseled using theoy using some advanced signal processing at the receiver,
'l 'ghalx ! 1ug ' e.g., [15]. It should be mentioned that the 1Q distortion is
also introduced at frequency down-conversion at the receiver.

> arArMysy + /BkAkWQMksk) +n, (18)
k=1

X = X, + BpX, A4 1n this paper, since we consider the uplink transmission, we
) assume that the 1QI at the receiver, e.g., a base station, is
where two complex scalexs;, and 3, are given by negligibly small compared with that of the transmitters, e.g.,
mobile terminals, or has a priori compensated with some
ap = cos O, + J - ex sin by, (15)  advanced digital signal processing techniques such as [8],
Ok = € cosBy — j - sin Oy, (16) [11], and we only deal with the Tx IQIs.

In addition, though we only resort to the frequency-flat
whered,, ande¢;, denote the phase and amplitude imbalancé®!| as in (14), the frequency-selective IQI [22] together
between the | and Q branches of the transmitted signal of théh carrier frequency offset (CFO) is also notable analog
k th user, respectively. When the matching of | and Q balancespairments in wideband systems. We can find some joint
is ideal, i. e.,0, =0 ande, = 0, thenay = 1 and 3, = 0. compensation methods for IQI and CFO in [23] and [24]. In
The degree of the imbalance is evaluated by using the imabhe paper, we mainly study the IUI problem due to Tx IQIs
rejection ratio (IRR) , for thek th user’s transmitted signal,in OFDM based multiple access schemes and only resort to

which is defined by the frequency-flat case for simplicity.
Next, we describe the per-user received signal after multi-
IRR, — E[l|crxk[|?] _ |k |? (17) user detection. Here, we assume that the user separation is
EllBexil?] 18k? performed in the conventional manner, i.e., the received signal
component on the set of subcarriers assigned to a user is
Let hi(t) (¢t = 0,1,---,L — 1) denote a channel im- extracted out by using the corresponding allocation matrix in
pulse response of thé th user whereL — 1 is the order discrete frequency domain. The received signal ofl ttheuser
of the channel, and théM x 1 vector h; is defined as ({ =1,2,---, K) after user separation is given by
h, = [hk(O),hk(1)7 <. 7hk(L — 1)701><KJ\{[—L}T- Before | = M;TWI‘

the transmission over the channe}, cyclic prefix (CP) is
appended tox, which is removed at the receiver before the .

demodulation. When the time duration of CP is longer than  — aAys; + (Z ﬂkAlleTWQMkSk) +mg,  (19)

that of the channel, it is well known that insertion of the =1

CP, transmission over the channel, and removal of the CPvdtere A;, = diag{M;Wh;}, andn, = M}/ Wn. The

the receiver can be described by an equivalEd/ x KM second term in the right-hand side of (19) represents the
circulant channel matriH,, whose first column is given by interference due to the Tx 1QIls. Recalling (2) akd; is the

h;. Since the circulant matrix can be diagonalized by DFmapping matrix, M; W2M,, consist of 0 or 1 elements and
matrix, the received signal block after CP removal is describ&@nce the appearance of the interference largely depend on the

K



employed subcarrier mappings. In order to clarify the effect Index of subcarrier ——>

of the interference on the performance of OFDMA receivers,
we derive the per-subcarrier SIRs for each user. By assuming,
21y, k=1
Esestt] = 7o (k=D (20)
On <y (otherwise
we have 2M+k (K-1)M+k
O _ O W OVH _ | 12,2 x
R;” =E[r,"(r;")"] = |al‘ osAuhy (21) Fig. 2. Subcarrier allocation d# th user in the interleaved OFDMA
R\ = Elr{ (r}")! Z |Be [0 A Ajy diag{ M W2my }.
k=1 receiver. From this perspective, we will propose the simple

(22) 71x IQI compensation methods for OFDMA receivers in Sec.
[ lll. Before that, for further analysis of the impact of the
Wherer() = oqyAys; and I‘l(l) = ZkK=1 ﬂkAlkMéI‘WszSZ. e . .
Therefore, the SIR of the: th subcarrierifp = 1,--- , M) in l\tjv:) r‘;";;‘?gﬁgﬁ ;nifggilai?g::lfgorirﬁ;zg\g c?frfzrrosc;\llilge d
the [ th user’s received signal is given b : ; e .
g 9 y allocations and also derive the received SIR for each subcarrier
R (m,m) allocation.

SR = R, m)

e B. Interleaved OFDMA

= 162y (m) + 2K, PNEAEE \‘lj\lel;%)llj m!, (m)’ Interleaved OFDMA, also known as distributed OFDMA

(23) has_ the user dependent comk_J shape subcarrier allocation
depicted in Fig. 2. Such mapping matr’d, for the £ th

where we sein), = diag{M;W?m,;} and A;;(m) denotes user is given by

the m th diagonal element ofA;;. In the denominator of b1

(23), the first term corresponds to the interference due to the M, = II"U. (26)

[ th user's own Tx IQI. Meanwhile, the second term comephus from (19), we have theth user received signal for the

from the interference caused by other users’ 1QIs, namely thgerleaved OFDMA as

IUI. For comparison, we also consider the OFDM system in K

the presence _of the Tx IQI, or equwaler_ltf\j =1 and the (Z ﬂkAlkUTHl+1W2Hk1Usz> +n

mapping matrixM; = I,; in our formulations. In this case, 1

the received signal is given by

r; = oqAys; +

K
_ Tyy—l—k+21TW 2 *
1= arAurs: & ﬂlAHWZST +ny. (24) = oAys; + (; 5kAlkU 11 UW Sk> +ny (27)
Thus, the per-subcarrier received SIR results in From (3) and (7),
o | M <
SIR(m) = 153 (25) utmu-= \ 7 WHdiag{p}W, (n=0,--- 2K - 2)

Obviously, there is no IUI problem in OFDM system angyhere them th element of the vectop is given by
the SIR (m) is the same as théRR;. Therefore high IRR

level at the transmitter's analog front-end directly means low

interference power due to the Tx IQI at the receiver. Mean- p(m) =

while, in the OFDMA system, the per-user received signal -

suffer from the IUl depending on the employed subcarrier \/EW (m,1)  (n=0)

allocation and the resulting SjRn) is far from the IRR. ={VEKWH(m,2) (n=K) . (28)
Furthermore, since the impact of sucéh IUl is proportional to Oarxi (otherwise

the corresponding channel gm% asin (23), SIRm) o

possibly comes down to the serious level due to the IUI in

selective fading environments. This suggests essential need of In (n=0)

Tx IQI compensation in OFDMA systems. Heretofore, the Tx uvrn"u=<{111! (n=K) |, (29)

IQI compensation is considered at the transmitter to simply
improve the quality of IQ modulation, or at the receiver to
avoid the additional complexity at the transmitter [9]. HerayhereTI ¢ := M WHdiag{ W (i 4 1)}W denotes the-
in OFDMA systems, we can newly say that the Tx IQtimes up shifting matrix of\ x M. As a result, we can further
compensation at the receiver is much more effective thaimplify the per-user received signal as

at the transmitters, because achieving the high IRR level at
the transmitter is not necessary meaning the low SIR at the

O (Othel’WiSQ

v, = Ausi + By Ay OW?sh )+, (30)



Index of subearrier ——> Therefore, the per-user received signal is represented by

r =

K
> 5kAlkVTH‘(l‘1)MW2H(’“‘1)MVsZ) +my
1

o Aysy + (
e

K
ML e (k)M = oAys; + Z ﬂkAlkVTﬂi(k+l72)MW2VSz + ny.
k=1
Fig. 3. Subcarrier allocation df th user in the localized OFDMA (37)
Here
h ) andg(l i b
where f(1) and g(l) are given by N I, OM><(K—1)M] (n' = 0)
£(1) = 1 (l=1) 31) Onrxn v I OMx(K—n’—l)M] (otherwisg
K —1+2 (otherwisg’ (38)
o) = 0 (I=1) (32) Wheren’:=n mod K, andW2V denotesk M x M matrix
1 (otherwise consist of the first\/ columns of W2, i.e.,
For example, wheri{ = 4, the relation ship betweehand ) J
f(1) is given as follows, W7V = O(KW—QZ)MXM ; (39)
111234 . . .
FOI1 432 (33) where the (m, n) element dff x M matrix J is defined as
Under the same assumption in (20), the per-subcarrier received J(m,n) = L (m=n _: 1) ) (40)
SIR of thel th user is given by 0 (otherwise
SIR, (m) E[|a; Ay (m)s;(m)|?] Therefore, we can simplify (37) as
1(m) = = =
—g() 2g* 2 " _ "
E[‘ﬁf(l)Alf(l)Q(m)(H gl)W Sf(l))(m)‘ ] r; = ayAys; + ﬁf(l)Alf(l)JSf(l) + ﬁe(l)Ale(l)(W2 - J)Se(l) Ty,
__auAu(m)| (34) (41)
27
1By Mgy (m)] where
where m = 1,---,M. Interestingly, in the interleaved N K—l41 42
OFDMA system, thé th user’s received signal interfered only e() =K -1+1. (42)
by the f(I) th user's image component. In particular, whegq, example, wherk' = 4
I # f(1), the interference can be considered as an IUl and,
with respect to user fairness, such IUl is quite undesirable 111234 (43)
since the impairment in IQ modulation of a user terminal make eH{4321

trouble not on its own performance but on the other’s. What

is more, from (34), the power of such Ul is proportional The resulting per-subcarrier SIR of théh user is given by

to the ratio of the channel gains and the resulting,; 8B lou Ay (m)]2 (m=1)
(m=1,2,---, M) is far from IRR. On the other hand, the SIR;(m) = Wﬁ(l)j’:lf((l)g”;)‘z , (44)
st and the(K'/2 + 1) th users successfully avoid the Ul and % (m >1)

the resulting SIR is equivalent to the IRR. We evaluate this

unique phenomenon later in our computer simulations. ~ Wherem = 1,.-- M. In the localized OFDMA, the inter-
ference on thd th user received signal consist of the IUIs

from f (1) ande(l) th user’s image components. Actually, from
C. Localized OFDMA (44), the 1UI from thee(l) th user is the main source of the

The localized OFDMA has block-wise subcarrier allocatioRerformance degradation whei is sufficiently large.

as in Fig. 3, and the mapping matrix for theth user is given

by D. SC-FDMA
M, = [Ik-DMy (35) A system model for SC-FDMA is easily derived in the
’ context of DFT-precoded OFDMA [3], i.e., to replasg by
where K M x M matrix V is defined as Ws,. Thus from (19), thek th user’s transmitted signal is
given by

vz[ Lot } (36)

Ok —1)MxM x;, = WHM,; Wy, (45)



From (18), the received signal is represented by allocation. In the previous section, we have shown the IUI
K due to the Tx IQIs appears only between certain pairs of
r—WH (Z arAMWsy, + B, AWM, WHs? | +n.  USers in the OFDMA. Making use of the fact, we consider
a pairwise equalization scheme for user-separated signals in
(46) the interleaved OFDMA receiver, which can further reduce
the complexity. Both for the general and interleaved OFDMA
systems, the WL receiver based on ZF and MMSE criteria will

be derived where we assume all the channel state information

k=1

Correspondingly, the received signal component of it
user is represented as

I :WHMlTWr = WHA, WS and the Tx IQI parameters are a priori known to the receiver by
K using some sophisticated signal processing techniques such as
+ (Z ﬂkWHAsz}rWQMkWSZ> +n;, (47) [9or [11]. It should be mentioned that, in this section, we
] mainly deal with OFDMA. However, the proposed methods

can be easily applied to the SC-FDMA in the context of the

H _ wWH T
where the noise vecta, = W*M; Wa. _ DFT-precoded OFDMA as in Sec 2. D.
Two major choices ofM, are localized and interleaved

allocation. It should be mentioned that, when the interleaved ) ) )
subcarrier allocation is employed, the subcarrier assignméht The WL receiver for OFDMA with general subcarrier
for each user can be further simplified, i.e., allocation

Here, we propose the WL receiver for the OFDMA system

_ Hyyk—1 X
xp = WL UWsy, with general subcarrier allocation. From (18),

Y H H 1 2 x
_ /%diag{WH(k)} s (48) r = Whdiag{~}s + Wdiag{d}W*s™ + n, (49)

1., where

K K K
This shows that the transmitted signal is easily designed based _ _ 2
on repetition and subsequent user dependent frequency shift of ; Mise, ¥ = kz_l arApmy, 0= kz—:l BeAr Wy
a modulated signal. In such case, the interleaved SC-FDMA ’ (50)
is known as IFDMA [4]. IFDMA is one promising alternative )
to OFDMA due to the low complexity of user separation a§Urthermore, by stacking andr®, we have
well as the low PAPR of the transmitted signal, especially for[ ¢ WHdiag{~y} WHdiag{6}W?] [s n
the mobile uplink. { *} - [ } { ] + { *}

r Wdiag{d*}W? Wdiag{~v*} s* n
In regard to the per-subcarrier received SIR, since (51)
the DFT matrix W is a unitary, thus we have , . .
E[(Wsy)(m)(Ws,)B(m)] = Elsy(m)s(m)] under the Clearly, we can separate each user’s transmitted signal §rom

msusing (11), e.g.s,. = M]'s. Therefore, in the followings,
we discuss the estimation efbased on the ZF and MMSE
criterion in the system (51).

1) ZF equalizer:In the absence of the noise, the WL ZF
condition is given by

same assumption in (20) and hence the per-subcarrier S
for the SC-FDMA results in the same as those of OFDMA.

IIl. WIDELY LINEAR EQUALIZATION AND USER
DETECTIONMETHOD IN THE PRESENCE OFTX IQI

Here, we consider the equalization and the multiple user s = Gzp {r*] , (52)
detection problem at the OFDMA receiver in the presence of r
Tx 1QIs. where K M x 2K M matrix Gzr represents the WL equalizer.
From (18), the received signalis not the linear function of From (51), we can deriv&zr as
sk (k=1,---, K) due to the Tx IQI, however, the regression

is linear both ins, ands;. Such system is known as widely ~%F -

linear (WL) or conjugate linear system. The WL filtering [ 0 ] Whdiag{y} WHdiag{}W? -t
approach [17], which jointly elaborate the received signal andl" M "KM*EMI Ny diag{§* ) W2 Wdiag{~*}

its conjugate, can bg efficiently ap.plied to the equalization  _ [diag{¢}W —diag{£& 0o (W2y*)"1}W], (53)
and the user detection problems in such WL systems. In

this section, first, the WL equalization and user detectiohere

method for the OFDMA receiver with general subcarrier 2% 2% 2 5y —1

allocation will be proposed. One attract?ve feature of the E=WilelyeW — 9o W) 4
conventional OFDMA receiver is the efficient user separatidn the above equations, denotes the element wise multipli-
and channel equalization in discrete frequency domain [Zfation of vectors, i.ex oy = diag{x}y, and each element
[19]. The proposed receiver is also implemented in discrené vectorx—! is given by the reciprocal of the corresponding
frequency domain, and can jointly compensate the Tx I@lement ofx, i.e., x1(m) = 1/x(m). Eq. (53) shows that,
and the channel. Moreover, we propose a simple pairwigdien KM is power of 2, the proposed WL ZF equalizer can
equalizer for the OFDMA receiver with interleaved subcarridye efficiently implemented by using FFT. In fact, it needs



twice the computational effort as the one-tap FDE used where
conventional OFDMA systems [1], [19]. 9
It should be mentioned that when we employ noncirculara = {W?2~* o (y* o W2y — §* 0 W2§) + J—Z’y*} ov 1,
modulation schemes including real modulation format such as s (62)
BPSK, m-ASK or OQAM, we can find a certain relationship )
betweens ands* and this enables us to gain the additionalp, — {_§ o (y* o W2y — §* 0 W2§) + U—ZW%} ov
g

degrees of freedom in choosing WL equalizer [21]. The 5

exploitation of such noncircular property of the transmitted (63)
signal is one notable advantage of WL approach over conven- ﬁ 9 9

tional linear approach. However, in practical OFDMA and sc-¥ ~ o2 ((7) +(8) + W) + W(3))

FDMA systems, circular modulation schemes such as QPSK ol
and QAM scheme whereands* have the orthogonality, i.e., T (v° W?y" =80 W?§*) + g (64)
s* cannot be obtained from by a simple linear relation, are 3
mainly employed. Therefore, in this paper, we only deal withs the proposed WL ZF equalizer, the proposed MMSE
the circular modulation schemes and don'’t resort to exploitirggualizer is also efficiently implemented in discrete frequency
non-circularity of the signal modulation. domain.

In addition, the proposed WL ZF receiver is closely related
to the two per-tone equalizer in [23]. In [23], the compensa- o . .
tion methog for the T?( 1Q distortiE)n ]togetr[1er]with the fo IQIB‘ The proposed pairwise equalizer for the interleaved
and the carrier frequency offset at the OFDM and OFDM/QFDMA system
receivers has been proposed. The structure of the proposed ZRext, we consider the channel equalization in the inter-
WL receiver results in the same as that of their two per-toteaved OFDMA receiver with the conventional user separation.
equalizer. In this paper, we explicitly derive the tap weight&s in Sec. 2.2, when we employ the interleaved subcarrier
of the receiver. Furthermore, we will analytically show thallocation, the th user’s received signal after the user separa-
optimal WL receiver in terms of the MMSE criterion is alsaion only interfered with thef(I) th user’'s image component.

realized by the same structure as the ZF receiver. Taking the fact into consideration, we propose the pairwise
2) MMSE equalizer:As in [17], the best WL equalizer in equalizer for the interleaved OFDMA based on ZF and MMSE
terms of minimum error covariance, i. e., criteria. From (30), we have the pairwise received signal:
S e [ r; } _ [ diag{~:} diag{él}‘l’l} [ S ]+[ n ]
GuMvsE = argngn E H L*] -G [r*} , (55) r’}(l) diag{é;(l)}{)l diag{'y;(l)} s}(l) n}(l)7
(65)
is obtained as where
Gumvse = diag{v} = aiAy, (66)
[(Rsr - CSTR:T_IC:r)D;rl (Csr - RSTRT_’I}CTT)Di’Ijl] ) diag{d;} = ﬁf(l)Alf(l)v (67)
(56) & =, =T OW?, (68)
where the correlation matriR., = E[xy"] and the com- 1) zZF equalizer: In the absence of the noise, the ZF
plementary correlation matrixC,, = E[xy”'] and D,. = criterion is given by
R, — C,.R:71C:.. Here we consider the system with
circular modulation schemes and eventually assine = Zoe [ ry } _ [ Sy } (69)
O’?IKM and C,;; = Oxapxxnm- Also by assumingn is I';Z(l) S}(l) ’

a zero-mean white circular complex Gaussian noises~

No(Onrer, 02 1), We have where the2M x 2M matrix Zzz denotes the linear ZF
c X1yYn ’

equalizer. Thus we have

27 *
R = 0, diag{y"} W, &7 L, [ disg{y} disg{a)@] "
C,r = o diag{ W6} W, (58) 2= | diag{d}, } @) diag{~} ) }
2 . .
R,, = o2Wding{(y) + (8) + 5 1}W. (59) _ { diag{er} d%ag{di}‘l’l} , (70)
5 diag{d} )} ®; diag{c} )}

C,, = c?Whdiag{y o W?§ + § o W24} W, (60)
where M size vectorc; andd; denotes equalizer weights and

where (x) = x o x* and 1 denotes ak M x 1 all one vector. they are given by
Consequently, the WL MMSE equalizer is given by . N N
a = ®yjgy 0 (o By — o ®id)) ", (T1)

Gmmse = [diag{a}W diag{b}W] ) (61) dj=—-60(yo ‘1)17;(0 — b0 'I’l‘s?(l))il- (72)



Index of subcarrier ——> also the appearance of the Ul is uniquely determined by the
B employed subcarrier allocatiavI;. Therefore, it is possible

to choose a certain set of subcarrier assignments in which all

the users can avoid the 1UI due to their Tx IQIs. Clearly, from

(29), if

B Ay M W>Mysj, = 0arx1(k # 1) (82)
holds, there is no IUl due to the Tx IQIl. The sufficient
Fig. 4. Subcarrier allocation of the 2nd user in the proposed Ul free OFDM@\CWldition for this is
where K =4 andM =4 M;FW2M;< — Onrsnr(k # D). 83)
Actually, there are many choices for a set M, (k =

2) MMSE equalizer:Under the same assumption in Se¢; ... k) which holds (83) and (11). One simple solution is to
3.1.B, we have assign certain two interleaved allocations for one user based on

R,,,, = o diag{~;}, (73) (30): First we temporarily consider the system WHH = 2K
users where each user occupi&s'2 subcarriers and design

P T T

— 524
Cairyy = o5 diag{®10,a) 18y, , (74 9K interleaved mapping matriced,, (k' = 1,---,2K)
R, , = o2dia L8 + nq : 75y (Here we _assumé{ and M are power of2 for ;implicity).
o sdiag{{m) + (&) o2 ) (75) The resulting IUl only appears between certain ugérand

Crry) = oidiag{~y; o ®,87) + 61 0 vy} @1 (76) K'—k'+2asin (31). Therefore, in the system wih users,

) ) ) . we can derive a set of |UI fre& M x M subcarrier mapping
The optimum linear equalizéfyuyse based on MMSE crite-

i - matrices as
rion, i.e., o } -
7 n E s | r|l ¥ ? 77 My, = M/1 f<+1 ; (84)
we=wangs 2|2 ] w2 ][] e MG L)
can be derived as wherek = 1,--- , K. An example of subcarrier allocation in
i . the proposed Ul free OFDMA is illustrated in Fig. 4 where
ZMMSE = [ Izsl” ('zslrf(l) :| lzrm (zTﬂ’f(z) :| K=4and M = 4. . .
Csm)m S )T (D) _Crmm TR By the use of such IUI free subcarrier allocations, we
diag{e;}  diag{f;}®, can eff_iciently avo@d the pgrformance deterioration due to Tx
= [diag{f}k(l)}q,l diag{e}(l)}} ) (78) 1QIs without knowing the imbalance parameters and channel

coefficients a priori. This feature is quite attractive in practical
where systems because the IQ distortion parameter estimation is
challenging task when the transceiver suffer from several

={ P~ fod — 6 o ®;0 - ) .
e =LY © (0 Pivs) = 07 © ®ids) analog imperfections such as carrier frequency offset or phase

2

071 * — i i
+ 5 Yoy 1 (79) noise simultaneously [12], [23].
fi = {010 (v o ®rysu) — P16y 0 0;)) V. SIMULATION RESULTS
o2 _1 Here, we evaluate the BER performances of OFDMA and
+ =B 0, }tov (80) : . :
g2 S0 Lo SC-FDMA systems with the proposed receivers via computer
and simulations. In our simulations, we have employed 16QAM
) with coherent detection for the modulation/demodulation
In heme, and set the number of uséfs = 4, where all
v =2 +(6) + @ +&(8 SC ’ ’
: o? () =+ (00) vy 1sw)) the users are assigned the same transmit power. The number
. . ok of subcarriers per-usel/ = 128, therefore the FFT size is
+ (Yo vy — o Bidyqy) + e B kA =512 and the length of CP is set to 132.

S

- The channels and Tx IQIs are randomly generated for
From (70) and (78), itis clear that proposed ZF and MMs.gach iteration. We considered channels of lengith= 10

Ei'_:_w'se equalizers are also efficiently implemented by USN3th i.i.d circular complex Gaussian coefficients, i.hy ~
: Ne(Opx1,1IL) (k = 1,---K). On the other hand, Tx

IQI parameters are drawn from uniform distributions, e.g.,

IV. Ul FREE SUBCARRIER ALLOCATION er, ~ U(0,0.1). For the receiver, we test the proposed WL
Here, we propose a novel subcarrier mapping method whirgceiver as in Sec. Ill and the conventional one where user
can significantly suppress the performance degradation dueséparation is performed as in (19) and the one-tap FDE [1],
the Tx IQI for OFDMA and SC-FDMA. In Sec. 2, we show[3] is employed. All the channel response and 1QI parameters
the IUI component in the received signal is the significamtre assumed to be known to the receiver and the equalizer
source of the performance degradation due to the Tx IQI angtights based on ZF criterion are used both the proposed



and conventional receiver in OFDMA, while we employ the 10° ‘ ‘ :
MMSE weights in SC-FDMA. In all the figures, horizontal > User 1
axes denotes the received SNR in dB and vertical axes is the

average of per-user BER over 3000 iterations. 10°

First, we test the validity of our analysis. For this purpose,
we consider the situation where only the 1st and 2nd users’
transmitter suffer from 1QI with{e;,e5} ~ 4(0,0.04) and
{61,02} ~ U(—0.047,0.047) and the other's have ideal
analog front-ends, i.eg3 = ¢4 = 03 = 6, = 0. Resulting
IRR; and IRR are about 35 dB. Fig. 5 shows the user-by-
user BER performance of the interleaved OFDMA system
with the conventional receiver. From the figure, we can see 0" ‘ : :

. g . . 0 10 20 30 40
the significant performance deterioration only on the 4th user. SNRIGB]
As we have shown in (33), the 4th user’s received signal
suffer from the IUl due to the 2nd user’s image Componerﬁi,g. 5. Th(? BER performance versus SNR of the interleaved OFDMA with
meanwhile the image component of the 1st user appeil%conventional receiver
among its own subcarriers. Therefore, the resulting, &R
(m=1,---, M) possibly become fatal according to the chan- 10
nel conditions, while SIR'm) = IRR; and the interference
of 35 dB slightly degrade the performance of the 1st user.
Fig. 6 represents the performance of the localized OFDMA
with the conventional receiver in the same scenario as Fig.
5. In this case, as in (43), the most of IUl due to the Tx
IQIs of the 1st and 2nd transmitter appears on the 4th and 3rd
user’s received signal respectably. Therefore we can see the
significant performance degradation on the 3rd and 4th users. 10

Next, we show the impact of Tx IQI in the OFDMA with
general subcarrier allocation where the 1Q distortion occurs at 7
all the transmitters. Here the set&fmapping matrices is ran- 0 1 p o ©
domly generated for each iteration and we{set eo, €3, €4} ~ SNR[dB)

U(0,0.04) and {61, 05,65,04} ~ U(—0.047,0.047). Fig. 7 _ . .
sh(ow the) BER E)erformance} of the(OFDMA with )the conver}':r:g'C%nvean:ﬁ,nBalf?ef;cg:mame versus SNR of the localized OFDMA with
tional receiver. In the figure, we also include the performance

of OFDM scheme with the conventional ZF equalizer in the

same simulation setting for comparison. Recalling that the IRRRibcarrier allocation. In particular, we employ the allocation
of 35 dB is sufficiently small and such Tx IQIs cause a sligl{84) and the Tx IQI parameters are set the same as in Fig. 7.
performance degradation unless the IUI, the performance Fif). 11 shows the performance of OFDMA with the proposed
the OFDM receiver deteriorates inconsiderably. On the othsubcarrier allocation and the conventional ZF equalizer. From
hand, in the OFDMA, the Ul possibly occurs between all thEig. 11, by employing the proposed allocation, the received
users and the BER performances are seriously degraded. Bignal efficiently avoid the 1Ul due to Tx IQIs and achieve
8 represents the effectiveness the proposed WL ZF receittee comparable performance to the OFDMA receiver with the
in the OFDMA system. From the figure, we can see thgroposed WL equalizer. In this case, there is no need to know
significant performance improvement. the Tx IQIs parameters a priori.

On the other hand, the performance of the interleaved SC-
FDMA or equivalently IFDMA in the presence of the Tx
IQI can be seen in Fig. 9 and 10. Fig. 9 shows the BER
performance of IFDMA with the conventional receiver with In this paper, the effect of the Tx IQIs at the OFDMA and
MMSE equalizer weights [19] where we set the Tx IQBC-FDMA receiver is investigated. We reveal the IUIl due to
parameters as in Fig. 7. From the figure, though we emplthye IQI is the major source of performance degradation and
the MMSE equalizer, the 2nd and 4th users’ BER performansach Ul emerges depend on the subcarrier mapping used in
still suffer from error floor, while the 1st and 3rd user cathe system. We proposed the low complexity WL receivers
achieve the significant performance improvement due to tf@ the OFDMA and SC-FDMA receivers and show the
diversity gain. Fig. 10 is the performances of the IFDMAperformance improvements with the proposed equalizers via
system using the proposed pairwise MMSE equalizer. As @gomputer simulations. In addition, a novel subcarrier allocation
Fig. 10, the proposed pairwise equalizer efficiently compensatethod is proposed to cope with the severe 1Ul due to the Tx
the interference due to IQI and the channel distortion, ah@ distortion. Under Tx IQIs, we can significantly improve the
significantly improve the BER performances. BER performance of the OFDMA receivers by just employing

Finally, we test the advantage of the proposed IUl frethe proposed mapping.
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Fig. 7. The BER performance versus SNR of the OFDMA with the randomlyig. 10. The BER performance versus SNR of the IFDMA with the proposed
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Fig. 8. The BER performance versus SNR of the OFDMA with the randomfig. 11. The BER performance versus SNR of the OFDMA with the proposed

generated subcarrier allocation and the proposed WL ZF receiver IUI free allocation and the conventional receiver
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