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Abstract— While fast variations of wireless channel characteristics

cause intercarrier interference (ICl) in orthogonal frequency-division D:H X;_l o
multiplexing systems, they also introduce frequency diversity, which can
be exploited to improve the demodulation performance. An ICl-reduction Fig. 1. An OFDM transmitter.

algorithm is proposed based on a sphere decoding (SD) algorithm. By
considering channel information, a new search strategy is developed
to reduce the computational complexity of the SD algorithm. Design

examples are presented which demonstrate that the proposed algorithm Mathmetically, the OFDM symbak can be obtained by using the
outperforms several existing algorithms in terms of BER performance. . . .
inverse discrete Fourier transform (IDFT) as
I. INTRODUCTION

N-1
Orthogonal frequency-division multiplexing (OFDM) has recently g, = 1 Z Xped2 /N form=0,...,N—1 (1)
been used for data transmission in a number of communication N k=0
systems [1]-[2]. Unfortunately, there are several drawbacks associa\m%re% represents theth element ofx. In matrix form, (1) can
with OFDM modulation. In a rapidly fading environment, channe[ge expressed as
variations within an OFDM symbol duration lead to a loss of orthog-
onality in the OFDM subcarriewaveforms and result in intercarrier x =QX (2)
interference (ICI) which, in turn, degrades the bit-error-rate (BER . .
performance of the system [3]. If not compensated for, ICI will resﬂihere 3,,k'nS/Nthe IDFT matr_lx whose_ elements arg,, =
in an error floor that increases with Doppler frequency. Howev f/];:)e h I A CyIC“C prefix (CP) I\g'th. Ie_ngth e(;qu_al LO tgat_
channel variations also introduce frequency diversity which can Bet € channel Impulse response _(C_: ) is |n_serte_ In the begin-
exploited to improve system performance [4]. Recently, a numberd of the_ OFDM symbol_ before it is trgnsmltt_ed into the chan-
of algorithms have been proposed to mitigate the effect of ICI [5 el. Denoting the transmitied a”‘} received signalsxas- p
N—L+1y «++y TN—1, 0O,y + .. ,l'Nfl] andy = [yo, ey nyl] ,

[6]. In [5], a linear minimum mean-square error (MMSE) has be tvely. th ved sianal b it
proposed. Since the number of subcarriers is generally quite Iarrgeesjpec IVely, The received signal can be written as

this algorithm_ requires inter_13ive com_pL_Jtation. In attempts to re_duce y = Heopxcp +n (3)
the computational complexity, a decision feedback (DF) algorithm T B ) )
has been derived in [6] where only signals on several neighbourif§eren = [no, ..., nn—1]" is a vector of additive white Guassian

subcarriers are used in order to suppress the ICI for a partiCLﬂé’fse H(AWG';‘) variables with zero mean and covariance matrix
subcarrier. The computational complexity of this algorithm is reducéd| ™™ | = 0’1, and the channel matrikicp is given by

at the cost of a slight degradation of performance. [ - 1Y S R 0 0

In this paper, an ICl-reduction algorithm based on the sphere 0 RMU o RE R o0 0
decoding (SD) algorithm [7] is proposed. By considering channB p = . . 4)
information, a new search strategy for the reduction of the compelxity : . : . .
of the SD algorithm is developed. It is demonstrated by simulations 0 0 -+ 0 0 - hy.y h{,
that the proposed algorithm outperforms several existing algorithfige e B, forn =0,...,N—1andl =1, ...,I represents the

in terms of BER performance. It is also shown that, because @fjing coefficient of thdth path at thenth sample instance. Since

the frequency diversity introduced by channel variations, improv% CP is only a copy of part of the OFDM symhe) (3) can be
performance can be achieved by the proposed algorithm at hignﬂ/ritten as

Doppler frequencies.

Il. SIGNAL MODEL y=Hx+n (>2)
Consider anN-subcarrier OFDM transmitter as illustrated inwhere
Fig. 1, whereS/P, P/S, and DAC represent serial-to-parallel, - hd 0 - A hy 1
parallel-to-serial, and digital-to-analog converters, respectively, and hi hY .. hd h3
the block labeled asAmp.” represents a power amplifier (PA). The : : : :
information bitsD;, and the modulated symbdl}, are referred to as He hL'_l hL"Q o 0 0 (5b)
thedata pointandsubsymboht thekth subcarrier, respectively. Vec- B B
torsX = [Xo, ..., Xn—1]" andx = [zo, ..., zn-1]" are referred : : . :
to as the frequency-domain and the time-dom@iiDM symbols, 0 0 - K%, 0
respectively. L 0 0 - hih_, h%_,




At the receiver, after the removal of the CP, the received signal dbjective function in (10a) becomd® — Gs||3 and the problem in
transformed toY = [Yo, ..., YN,I]T by using the discrete Fourier (10) can be rewritten as
transform (DFT) as

minimize ||Y — Gs||5 (11a)
H
Y=Q'y (6) subject to:  s; € {1,—1} fori=0,1,...,2N —1 (11b)
From (2), (5a), and (6)Y can be expressed as where s; represents théth element of vectos. By using the QR-
Y=-AX+N (7a) decomposition, matrixG can be expressed as
where G =QR (12)
A =Q"HQ (7b) where Q and R are orthogonal and upper triangular matrices,
respectively. If we letp = QTY, the objective function in (11a)
andN = [No, ..., Nv—1]" = Q" n. Since the DFT matrdQ”  can be obtained as
is unitary, N in (7a) is still white Guassian noise. Due to channel B ) )
variations, matrixA is not a diagonal matrix. Therefore, the received IY — Gs|lz = [[p — Rsl2 (13)

signal at any subcarrier depends not only on the transmitted signaér%
that subcarrier but also on the transmitted signals at other subcarriers,
where the latter are the ICI caused by channel variations. In order to minimize |p — Rs||3 (14a)
mitigate the effect of the ICI, joint detection (JD) is required at the . .

. . . subject to: i 1,-1} fori=0,1,...,2N —1(14b
receiver. A general structure for the OFDM receiver that implements a ) si€d } ! (14D)
JD algorithm is illustrated in Fig. 2. For the signal detection problemhe solution of the problem in (14) can be obtained by applying an
in (7), maximum likelihood (ML) detection [8] can be carried out bySD algorithm [7] that takes into account the special structur®of
solving the optimization problem The basic idea of an SD algorithm is to search only lattice points that

- 2 lie in a certain hypersphere of radiusaround the given vectop
) minimize [|Y — AX{|2 (82) and therefore the search space is reduced compared with that of the
subject to: X, e M fork=0,1,..., N -1 (8b)  exhaustive search algorithms. Note that a necessary and sufficient

where M is the set of the constellation points associated with tl‘%’ndltlon fc_>r a pointRs fo lie W'th'n the hypersphere of radlus_
modulation scheme of the OFDM system. In what follows, an SB= "2~¥-1 1S that the modulus of distance vector between the point
algorithm is proposed which can be used to solve the optimizatiﬁ? and the center poin is less than the radius, namely,

problem in (8). Ip— Rsll3 < 1y (153)

the problem in (11) becomes

Yo which can also be written as

Yo i
- Joint == @[] i
Removal v v Detection-| « > s 1~ strean 2N -1 2N -1
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Fig. 2. An OFDM receiver. i=0

where p; and R;; represent theth element ofp and the (i, j)th
element ofR, respectively. The left-hand side (I.h.s.) of (15b) can
be expanded as

(15b)

I1l. A SPHEREDECODINGALGORITHM FORICI REDUCTION

The variables in (8) are complex-valued. If we ¥t=Y, + Y},

A=A, +jA;, andX = X, + jX;, then the norm in (8a) assumes (p2n-1 — R2N—1,2N—152N—1)2 + (pan—2 — RaN—2,2N—152N—1
the form —RQN—2,2N—252N—2)2 +...<rinvoy (16)
||Y - AXH% (9a) By considering only the first term on the L.h.s. of (16), a necessary
where condition forRs to lie within the hypersphere can be obtained as
2 2
N - —A. - pan—1 — Ran_12nv_152n-1)" <Ton_ (17)
v=[va-[h A x-%] o o S T
¢ ¢ " ¢ and the feasible region fory_1 is given by
and the problem in (8) can be expressed as
—TraN—1+ P2N—1 ToN—1 + P2N—1
- <= ————— | <sona1 < | —H5———— (18)
minimize [|[Y — AX||3 (10a) Ron_12n-1 Ron-12n-1

subject tor X(i) e M fori=0,1,...,2N -1 (10b) \yhere[.] and|.| represent the ceiling and floor functions, respec-

where M represents the set of points associated with the real ai¢f!y- By considering the first two terms on the I.h.s. of (16), an
imaginary components of the modulation constellation. For the sdRProved necessary condition can be obtained as

of simplicity, 4-QAM modulation is assumed for all subcarriers and,
therefore, we have\l = {1,—1}. In an attempt to improve the
performance, vectoX is re-ordered according to the asymptotiavhere
effective energy of each element [9] and the columns of mfiirix ) ) )
are re-ordered accordingly. Let= orde(X) and G = order(A) rav—2 = Tony-1— (Panv-1 — Ren-12N-152N-1)
represent the re-ordered vect®r and matrixA, respectively. The  panv_saon—1 = pon—1 — Ron_2aN_15an—1 (19b)

(pev—22N-1 — RQN—2,2N—252N—2)2 < rin s (19a)



Thus, the feasible region ahy_2 can be obtained as determined uniquely as the value corresponding to the open branch.
If bx(1) = bx(2) = 1, then both branches are open. In such a case,
s, can be obtained as the value that minimizgs,, i.e.,

—TaN—2 + P2N—2,2N—-1 < < ToN—2 + P2N—2,2N—1
< sany-2 <
Ron_2on—2 Ron_2on—2

In a similar fashion, the remaining elements sotan be obtained Sk = arg( min 7“kfl) (21)

. sp€{—1,1}
successively as i ) - ) .
When s;. is determined, the corresponding element of fiads set

Tk PRkl | sp < Tk + Pkk+1 (20a) to zero and the tree search enters into(the 1)th level. The depth-
Ry - Ry k first search continues until the first point inside the hypersphere is
found ass;, ands; is set to the current solution of the problem in

h
where (14). Denoting the path through whieh is found asP?, the radius
e = Tig1— (Pr1 — Reg1 pr1Skt1)” of the hypersphere can be updatedrgs_; = ||p — Rs1||3, where
— -R s 20p) the superscipt indicates the radius is updated using the information
Phok Ph R (20b) of path P'. The feasible region ofsy, : k = 2N —1, ..., 0} can
for k =2N —3, ..., 1. Based on the feasible region &f in (20), be updated using (20) and the status of the branches can be updated
one can determine the value of accordingly. It can be observedaccordingly as{b;, : k = 2N — 1, ..., 0}. In an attempt to avoid

that the above procedure actually constructs a binary tree as illustratgsktitions, the branches that have been visiteR'irare kept closed.

in Fig. 3, where the branches at théh level of the tree represent|f there is no open branch at any level, theris the exact solution of

the values of théith component of vectos. Each path from top to the problem in (14). Otherwise, the tree search needs to be continued.
bottom, i.e., leveRN — 1 to level 0, represents a vectar so that In an attempt to improve the efficiency of the algorithm, a
point Rs lies in the hypersphere. By using the above procedure, globabilistic search strategy is applied in the following search that
lattice points in the hypersphere can be determined and the solutigaximizes the probability that the current feasible solution is optimal.
of the problem in (14) can be obtained by finding the path such thatan be shown that if only one bit of vectsiis detected incorrectly,

the distance between the corresponding point and the center pointhigh the probability that the detection error occursiris inversely
minimized. related to the absolute value &, .. Let the elements on the main
diagonal of R be ordered from smallest to largest according to
their absolute values. The open branchRh at the level with the
smallest absolute value d®; ; can be selected as the start point
of the following search. Such a choice is guaranteed to maximize
the probability that a one-bit detection error is corrected. When
° . . . the start point of the following search is determined, the depth-
. . . . first search strategy can be applied until a new point inside the
o j&o Oéf o hypersphere is found or a dead end is reached. If a new point inside

7777777777777777777777777777 the hypersphere is found &s, thens; is set to the current solution
of the problem in (14) and this path is donotedf2&s The radius of
Fig. 3. A binary tree constructed for the search of lattice points iiva the hypersphere can be updatedig_; = ||p — Rs:||3. The status
dimensional hypersphere. of the branches in path®' and P> can be updated accordingly
as{b, : k =2N—1,...,0} and{b; : k = 2N — 1, ..., 0},

The value of the initial radius of th2N-dimensional hypersphere respectively. On the other hand, if a dead end is reached, then the path
can be chosen as infinity. Thus, it is guranteed that a point insifedenoted as a dead-end pdtf and no further update is needed.
the hypersphere can be found. Once this is done, the radius of th# the next round of the tree search, the open branch at the level
hypersphere can be replaced by the distance between the newly foyfid smallest absolute value ok, can be chosen as the start
point and the center point. Since the radius of the hyperspherepﬁfnt- The search process continues until all the branches in all
interest reduces consistently as the algorithm proceeds, the iniBaths are closed, and, then the current solutios & deemed to
setup of the radius does not increase the computational complefag/the solution of the problem in (14). A stopping criterion can be

of the algorithm. established to reduce the complexity of the algorithm. For example,
In order to explain the tree search process, a flag is establisi¢®l count the number of dead-end branches that have been visited
at each level to indicate the status of the branches, flg., = Since the most recent point inside the hypersphere is found; if this
[br(1) br(2)]: k = 2N — 1, ..., 0} whereb,(1) and b (2) are number reaches a predefined threshdld, ., before a new point
used to indicate the status of the left and right branches akttne inside the hypersphere is found, then the algorithm stops and the
level, respectively. For example, if, = —1 falls into the feasible current value ok is taken to be the solution of the problem in (14).

region in (20a), then the left branch at tf¢h level is open and A step-by-step description of the above SD algorithm is listed in
br(1) = 1; otherwise, the left branch at theh level is closed and Table 1.
br(1) = 0.

At the beginning of the tree search, a depth-first search strategy
can be used. At thgth branch level, flagy is obtained based on the The proposed ICl-reduction algorithm was applied to an OFDM
feasible region given in (20) angl, can be determined as follows.system where the number of subcarriers was chosen t©4bend
If bx(1) = br(2) = 0, then both branches are closed. As a resuld-QAM was adopted as the modulation scheme for each subcarrier.
no feasible solution of;, is available, and the search reaches a dedde bandwidth of the OFDM system and the carrier frequency were
end and stops at this level. If only one of the elementdyofs set toB = 200 kHz and f, = 2 GHz, respectively. The length of
equal to one, then there is only one open branch andan be the CP was set taV,7. = (N/8)T. = T./8, whereT, and T,

IV. SIMULATIONS



TABLE |
A SPHEREDECODINGALGORITHM FORICI REDUCTION
Step 1
InputY, A, X, anditrmaez-
Calculatep and R using (9)-(13).

SetK =1 and the initial radius to infinity. ACKNOWLEDGEMENT
Apply the depth-first search. The authors are grateful to Micronet, NCE Program, and the Natural
Record the solutios; . Sciences and Engineering Research Council of Canada for supporting
Updater}; andbi for k=2N —1, ..., 0. this work.

Step 2
Setitr — 0. REFERENCES

Step 3 [1] ETSI, “Digital video broadcasting: framing structure, channel coding,
SetK = K + 1. and modulation for digital terrestrial television,” European Telecom-

If no open branch is available, then go $tep 4.

strategy.

Apply the depth-first search.

If a new point inside the hypersphere is found, then update
rp andby fork=2N—-1,...,0andn=1, ..., K, and
record the solutiorsx. Go to Step 2.

Otherwise, seitr = itr + 1.

Otherwise, go tdStep 3.
Step 4

of the first tap was zero, the delay of the second tap was randor{ﬁlf
generated from{T., 2T¢, ..., N,T.} with equal probability. The
BER performance of the proposed algorithm was evaluated and
compared with that of several existing algorithms under a variety
of system configurations. For the DF algorithm in [6], the number
of neighbouring subcarriers that were used to suppress the ICI at
particular subcarrier was taken to B& + 1.

Example For the proposed ICl-reduction algorithm, the BER versus
the ratio of energy-per-bit to spectral noise density (Eb/NO) is plottec
in Fig. 4 as solid and dash curves, respectively, for the cases c
fpTs = 0.1 and fpT, = 0.25. For the sake of comparison, the BER

of the DF algorithm in [6] is plotted in the same figure for various
values of K as dotted curves. It can be observed that improvedm
performance can be obtained by the proposed algorithm compare
with that of the DF algorithm. For example, for the casefpfls =

0.1 and at the BER level 0f0~2, a 3-dB and 1.5-dB improvement
of Eb/NO can be achieved by the proposed algorithm compared wit|
the DF algorithm withK' = 5 and K = 15, respectively. It can also
be observed that the performance of the proposed algorithm improve
with an increase in the Doppler frequency. For example, while for the
case offpT; = 0.1 an Eb/NO = 27 dB is required to achieve the
BER level of 1072, for the case offpTs = 0.25 an Eb/N0 = 24.5

dB is required to achieve the same BER level. This improvement with
increasingfp can be attributed to the increase in frequency diversity
introduced by the higher Doppler spread [4].

V. CONCLUSIONS
An ICl-reduction algorithm based on the sphere decoding algo-

rithm has been proposed. Design examples have been presented

which demonstrate that the proposed algorithm outperforms several
existing algorithms in terms of bit-error-rate performance. It has

Fig. 4.

also been shown that the proposed algorithm exploits the frequency
diversity introduced by channel variations and, therefore, improved
performance can be achieved at higher Doppler frequencies.
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