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ABSTRACT In this paper, the signal detection of orthogonal frequency division multiplexing with index
modulation (OFDM-IM) in the rapidly time-varying channel is studied. Due to the inter-carrier interference,
the conventional block detectors based on the successive interference cancellation (SIC) strategy, e.g.,
the signal power (SP) detector, suffer from severe error propagation especially in the case with large
normalized Doppler frequency. To address this problem, a semidefinite relaxation (SDR) approach is first
proposed. In the proposed SDR detector, the signal feature of OFDM-IM is presented properly as the convex
constraints in the SDR programming problem and utilized in the randomization procedure. The SDR detector
can avoid the error propagation effectively with a cost of higher polynomial complexity. To reduce the
complexity, the group-based SIC-SDR detector is then proposed, where the subcarriers in one OFDM symbol
is partitioned into multiple groups, and the SDR detection is performed over each group successively in
conjunction with the ordered SIC strategy. However, similar with the SP detector, the SIC-SDR detector
also suffers from the error propagation. To boost the performance, we propose to take the solution of the
SIC-SDR detector as the initial estimation of a further local search algorithm (LSA). Concretely, after a
proper definition of the nearest neighbors of an OFDM-IM signal vector, the proposed combined detector
employing the likelihood ascent-search as the LSA is presented. Finally, the validity of the proposed detectors
is justified by simulation results, and the combined detector achieves an excellent performance-complexity
trade off.

INDEX TERMS OFDM, index modulation, semidefinite relaxation, likelihood ascent-search, successively

interference cancellation, time-varying channel.

I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) with
index modulation (IM) [1]-[3] is a new multi-carrier mod-
ulation. The basic idea is that only part of the subcarriers
are activated and the activation pattern carries information.
By shifting part information from signal constellation to
the activation pattern, OFDM-IM shows some advantages
in several special scenarios. For example, OFDM-IM shows
stronger robustness to the inter-carrier interference (ICI)
than the conventional OFDM [3], [4] in the rapidly time-
varying (RTV) channel. Due to these potential advantages,
OFDM-IM has attracted much attention recently [5]-[26].
These research progresses include the performance anal-
ysis in terms of the achievable information rate [5] and
the bit error rate (BER) [6], the methods and schemes to
improve the error performance [7], to achieve the transmit

diversity [8], [9], to achieve higher energy and/or spectral
efficiency [10]-[15], to reduce the peak-to-average power
ratio [16], and the extensions and variants to the parallel
channel [17], the RTV channel [18]-[21], and the MIMO
channel [21]-[24]. The interested reader is referred to the
recent surveys in [25], [26] for further information.

In this paper, we focus on the study of OFDM-IM in the
RTV channel where ICl is severe. In [18], a hybrid IM-OFDM
modulation was proposed for the time-varying underwater
acoustic (UWA) communication channels. In [19], an ICI
self-cancellation scheme was further proposed in the UWA
channel. In [20], the linear pre-coding and post-processing
matrices at the transceiver were designed to overcome the ICI
based on the criterion of maximizing a capacity lower bound.
In [21], a circular-shift-based multiple-antenna OFDM-IM
scheme was proposed to utilize the antenna diversity and
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thereby improve the system performance in the multiple-
antenna RTV channel. On the other hand, different from the
transmitter design in [18]-[21], several efficient detectors
were presented in [3], including the minimum mean square
error log-likelihood ratio (MMSE-LLR) detector, the block
cancellation (BC) detector based on the successive interfer-
ence cancellation (SIC) strategy, and the ordered SIC-based
signal-power (SP) detector. However, the performance gap
of the MMSE-LLR detector from the optimal detector is
large, and the BC and SP detectors suffer from the error
propagation and show poor performance in the high signal-
to-noise ratio (SNR) region especially when the normalized
Doppler frequency is large.

Against the above background, the semidefinite relax-
ation (SDR)-based convex programming [27] is studied here
to address the signal detection of OFDM-IM in the RTV
channel, since the SDR detector has shown excellent per-
formance in the MIMO system [27]-[32] where the inter-
antenna interference exists. In the proposed SDR detector,
the character of the OFDM-IM signal is represented properly
by some convex constraints in the constrained optimization
problem. Moreover, an efficient randomization procedure is
presented to acquire the legitimate candidate OFDM-IM vec-
tor from the solution of the SDR programming problem. The
proposed SDR detector can avoid the error propagation and
show much better performance than both the MMSE-LLR
and SP detectors, while with a cost of higher polynomial
complexity. To reduce the complexity, the SIC strategy is also
proposed to employ in the SDR detector. Concretely, the sub-
carriers in one OFDM symbol is partitioned into multiple
groups and the SDR detector is performed successively over
each group in conjunction with the ordered SIC. The resulted
SIC-SDR detector achieves a complexity reduction with the
cost of performance degradation. Furthermore, to boost the
performance, we propose to add a second-stage likelihood
ascent-search (LAS) algorithm [33] after the SIC-SDR detec-
tor. Specifically, the solution of the SIC-SDR detector is
employed as the initial estimation of the LAS algorithm.
With a proper definition of the nearest neighbors of an
OFDM-IM signal vector, the proposed combined LAS with
SIC-SDR detector achieves better performance-complexity
tradeoff.

The main contributions of this paper can be summarized as
follows:

1) The SDR detector is proposed for the OFDM-IM sig-
nal detection in the RTV channel. The special signal
feature of the IM signal is presented properly as the
convex constraint in the convex programming. Further-
more, the low-complexity SIC-SDR detector is also
presented.

2) A two-stage detection strategy with the LAS algorithm
as the second stage is proposed. To facilitate the LAS
implementation, the definition of the nearest neighbors
of an OFDM-IM signal vector is presented.

3) Based on the proposed two-stage detection strat-
egy, the combined detector with the low-complexity
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SIC-SDR or SP detector in the first stage is presented.
Moreover, a two-restart combined detector with SP
and SIC-SDR as the first-stage detectors, respectively,
is also presented.

The rest of the paper is organized as follows. In Section II,
the signal model is studied. The proposed SDR and SIC-
SDR detectors are presented in Section III. The combined
detector with LAS in the second stage is given in Section IV.
Simulation results are given in Section V. Finally, Section VI
concludes this paper.

Notation: Uppercase boldface letters denote matrices,
while lower boldface letters represent vectors. For a matrix V,
tr(V) and rank(V), respectively, denote its trace and rank,
diag(V) denotes the vector consisting of the diagonal ele-
ments of this matrix, and V > 0 presents that it is a semidef-
inite matrix. The identity matrix is denoted by I. For two
vectors vi and v, with the same size, the operators > and
< are performed element-wisely, and 1 denotes the all-one
vector. Both the /,-norm of a vector and the Frobenius norm
of a matrix is presented by || - ||. The notations (-)7 and
()" indicate the transpose and Hermitian transpose of a vec-
tor or matrix, respectively. Furthermore, CA/(0, 02) denotes a
zero-mean complex Gaussian random variable with variance
o2, C (n, k) is the binomial coefficient, and |-| denotes the
floor function. C and R represent the complex and real fields,
respectively, and for a complex argument, Re{} and Im{}
denote the real and imaginary parts, respectively.

Il. SIGNAL MODEL
Consider an OFDM symbol with N subcarriers.
In OFDM-IM, the N subcarriers are divided into u blocks
each with n subcarriers, and the corresponding length-B
information bit sequence is partitioned into u blocks each
with p bits, i.e., N = nu and B = pu. In each block,
only n, out of n subcarriers are activated to transmit signals,
and the other n — n, subcarriers remain silent. The first p;
bits of the incoming p-bit sequence are used to determine
the indices of the n, activated subcarriers and remaining p»
(p2 = p — p1) bits are mapped into the n, M-ary QAM/PSK
constellation points. Obviously, it has p1 = |_10g2(C (n, na))J
and pp = nglog,M.

Consider the IM signal in the g-th, 8 = 1, 2, ...., u block.
The set of the indices of the active subcarriers is denoted by

Ig = {iﬂﬁl, 8.2, .mny iﬂ,na} (1)

withig, € {1,2,....,n},y = 1,2, ...., ng. Correspondingly,
the set of the n, QAM/PSK symbols modulated over these
active subcarriers is denoted by

Sg = {Sﬂ’l,Sﬁﬁz, ..... ,Sﬁ,nﬂ} 2)

where s, € S,y = 1,2,---n, and S is the QAM/PSK
constellation. Then, the frequency-domain (FD) signal in this
block can be expressed by

Na

Xp = Zs,g,ye,-ﬂvy (3)

y=1
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where e;, , is the n-dimensional all-zero vector except a one
in position ig .

Concatenating the u IM blocks, the FD signal in one
OFDM symbol can be expressed by

T
x:[x{,xg,...,xg] “4)

The FD signal x is further transformed into the time-domain
by

1
X = —Wilx )
VK
where Wy is the fast Fourier transform (FFT) matrix with
WEWy = NIly. After adding a length-L cyclic pre-

fix (CP), the signal is transmitted over doubly selective fading
channels.

At the receiver, after removing the CP and performing the
inverse FFT (IFFT), the received FD signal can be expressed
by

y=Gx+w (6)

where y = [vi,yv2,....onv)F € CVNl and G =
WyRepHTpWH € CVN  Here, Tep 2 [15,Iy]" is the
(N + L) x N matrix that inserts the CP with Icp consisting of
the last L rows of the identity matrix Iy, Rcp 2 [0y In]is
the N x (N + L) matrix that removes CP, @ ~ CN'(0, Ny )
is the FD noise, and H € CWHL*xWV+L) jg the time domain
channel matrix.

In the RTV channel, the equivalent FD channel matrix G is
general non-diagonal, thus the optimal maximum-likelihood
(ML) detection, described by

X = argmin ||y — Gx|)? 7
X

is prohibitively complex. To reduce the complexity,
the MMSE-LLR detector and the ordered SIC-based SP
detector are proposed in [3]. However, in the scenario with
large normalized Doppler frequency, the SP detector suffers
from a severe error propagation and has poor performance
in high SNR regions, and the MMSE-LLR detection shows
a large performance gap from the ML detection. In the
next section, the SDR detector is proposed to achieve better
performance in the overall SNR region.

lll. PROPOSED SDR DETECTOR
A. OPTIMIZATION PROBLEM FORMULATION

To derive the SDR detector, we first transfer the signal model
in (6) into the real filed by

X = ReXTImxTT
[Re(x)” Im{x)" |

G- Re{G} —Im{G}
| Im{G} Re{G}
T

§ = [Rely) Im(y)] ®)
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Then, the optimal ML detection problem can be expressed by
the following constrained optimization problem

min |§ - G’
X

s.t. X is an OFDM - IM singal (C1)

OP1: 9

The objective function in OP1 can be computed explicitly by
|§-Gx|° =%"G"Gx—25"Gx+35'y  (10)

Ignoring the constant term with respect to X, OP1 can be
rewritten as

min X’ GTGx — 2y Gx
oPl': | x (11)
s.t. X is an OFDM - IM singal (C1)
Define z = [x” l]T e RN+ and
G'G —¥'G
= — 12
Q [—GTy 0 (12)
Then, OP1’ can be reformulated by
min z7 Qz
z
OP1”: {5+.: 2.5y is an OFDM - IM singal (C1°) (13)
22N+1 = 1

Define Z = zz! , and partition it by
Zi, Zip| [xx' x
2=z Za]=[% 1] o
with Zl,l = )_{)_{T, Z1,2 = x and Z2’2 = 1. Noting that

2'Qz = tr(z'Qz) = tr(Qzz") = tr(QZ), OP1” can be
further expressed by

mZin tr (QZ)
Z Z
st L=z = | 701 () 5
i, 7y (15)
Z1:2n is an OFDM - IM singal (C1°)
7, =1

or1”:

B. RELAXATION

The problem OP1” is not convex, since the constraints C1°
and C2 are non-convex. To make it be convex, the relaxation
of both the constraints are given in the following.

First, note that the FD signal in OFDM-IM is zero (silent
subcarrier) or from S (active subcarrier). Denote )i and 3,
respectively, as the set of real and imaginary parts of the
signal points in the constellation S. For example, for the
QPSK signal constellation S = {£1 £ j} with j being the
imaginary unit, i.e., j = +/—1, it has t = § = {#1}. Define

Z, 290 U{0), 2, £ IU{0). Then, it has

Z,. bi=1.....N,
e Cl-1 16
€z i=Nat....onv D (16)
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Furthermore, the constraint C1-1 can be explicitly pre-
sented by a set of inequalities by extending the method
in [28].

Example 1: Consider the 16-QAM signal constellation
S = {a+bj,a,b e {£l, £3}}. Define the continued real-
valued intervals Q21 := [—3,3], 2y = (=3,—1), Q3 =
(—1,0), Q4 := (0,1), Q5 := (1,3). The set Z; = 2, =
Z = {0, +1, 3} can be presented alternatively by

Z=01NWNQABNQ2NQy (17)

where Q; is the complementary set of Q; fori = 2,...,5.
Then, the constraint C1-1 can be reformulated by the follow-
ing inequality set

0<z"<9
7t +4z+3>0
7 +z=0
=220
@ —45+3>0 (18)
fori =1, ..., 2N.Recalling the matrix partition of Z in (14),

we get

0 < diag(Z1,1) <91
diag(ZLl) + 4Z1’2 +31>0
diag(Z11)+Z12 >0
diag(Zi,1) —Z12 > 0
diag(Z;1) —4Z12+31 >0 (19)

Second, consider the constraint that only n, subcarriers are
active in one IM block. Denote Z’l" s b =1,...,2u as the
b-th submatrix of size n x n along the main diagonal of the
matrix Zj 1. Then, from (8) and (14), diag Z]b , ) presents the
squared value of the real part of the b-th IM block if b <u,
and that of the imaginary part, otherwise. Define the squared

minimum and maximum values of it and J by
— min o2 _ 2
Vr1 = mins°, vV, = maxs
seN sen
Vi1 = mins®, v;, = maxs’ (20)

seJ seI

Then, the constraint that only n, subcarriers are active can be
approximated by

ngVr 1 < tr{ZlI’I} <ngvr2, b=1,...,u
' (C1-2)
ngvi1 < tr{Z[l’l} <ngviz, b=u4+1,...,2u
2D
Third, the constraint C2 can be presented by
Z >0, rank(Z)=1(C2) (22)

The rank-1 constraint in C2’ is non-convex, and is usually
ignored in the SDR-based convex programming.
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Finally, the optimization problem OP1"”

mated by

can be approxi-

mZin tr (QZ)

st.: Cl—1,Cl1-2
Z>0
7, =1

OP2: (23)

With the inequality set presentation of C1-1, like (19) for
16-QAM, OP2 becomes a convex optimization problem.
To solve OP2, we used CVX, a package for specifying and
solving convex programs [34], [35].

Example 1 (continued): For the 16-QAM constellation,
from (20), ithas v, = vi1 = Liv,p = vi2 = 9, and
OP2 can be explicitly expressed by the convex optimization
problem:

OP2 for 16-QAM :

mZin Tr (QZ)

s.t.: 0 < diag(Z;,1) <91
diag(Z,1) +4Z,2+31>0
diag(Z11)+7Z12 >0
diag(Z1.1) —Z12 > 0 24
diag(Z1,1) —4Z12+31>0
N str{zﬁ]} =n9, b=1...2u
Z>=0
Z,, =1

C. RANDOMIZATION

Denote Z as the solution of OP2. The following ran-
domization procedure is performed to obtain the esti-
mation of x. First, perform the Cholesky factorization
Z = VVT and generate L, random vectors w;, [ =
1,...,L,, from the uniform distribution on the unit
sphere independently. Next, compute the candidate vectors
by

Vu,

9
VonN+10

X= I=1,...,L, (25)

where vy denotes the last row of V. Then, x can be
recovered through the following steps.

1) Reconstruct the signal vector X; in the complex field so

that
= T N
% = [Re{xl} Im{&,} ] o l=1.....L (26)
., . ~ ~ ~ ~ T
2) Partition X,/ = 1,...,L, by X, = I:XITI,...,XZM:I
withx], € C".b=1,...,u
3) For each candidate [ = 1, ..., L, and each block b,
b = 1,...,u, obtain izb = Quant (X;) through

the element-wise constellation quantization, i.e., quan-
tize each element of X;, to the nearest point of
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the signal constellation S. Moreover, compute the
metrics

- 2 |- - 2
Tips = |%ip (O] — ‘Xl,b () —X?,b ®] ,
t=1,...,n 27

4) Find out the n, indices with the largest metrics in the
set {T1p,},_, . and denoted them as 1y, ..., 1.

Obtain the legitimate candidate signal vector X; 5, | =
I,....L.,b=1,...,uby

~q .
A 1), ifreit,....t
2y = X @ HEE ] o
0, otherwise
5) The signal x is recovered by
X = argmin |y — Gx|? (29)

XG{)A(l ..... )A(Lr }

Remark: The idea behind Steps 3) and 4) is interpreted as

follows. The log-likelihood ratio (LLR) of the probability of

the ((b — 1)n + t)-th subcarrier associated with X; p, (¢) being
active to that of being silent can be computed by

_ X5 () #0

LLR, ), = lnp ()’(b ])n+t|Al,b( ) # )

P (Vo—1nt: X0 (1) = 0)

PG (D)X p (1) =X, (1))

P& (1) X1, () = 0)

2
~ 2 ~ ~
%00 O = R0 ) = %, 0

No,F

ap
+LLR",

ap
+LLR,

ap
+LLR",

1 g
= —Typ;+LLR?,
No,F bht bi

t=12,...,n (30)

where LLRZ{7 ; presents the a priori LLR information of this
subcarrier and is the same for all b = 1,...,u and ¢t =
1,..., n. Therefore, as given in (28), the subcarriers with the
largest metrics defined by (27) are determined to be active.

D. SIC-SDR

It is well known that the complexity of the SDR detector is
@) (N 3'5) [27], which is still very high especially for large N.
To reduce the complexity, the ordered SIC detection strategy
can be utilized, and the the resulted detector is abbreviated as
SIC-SDR.

The subcarriers in one OFDM symbol are partitioned into
K groups, each consisting of No = N /K adjacent subcarriers.
Here, we assume Ny /n is an integer. Then, (6) can be rewritten
as

yl Gl,] G],Z . GI,K Xl
y2 G2,1 G2,l . GZ,K X2
yK Gll(,l Gk’l Gk’K X}(
(1)1
wZ
+1 . (3D
oK
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Here, G’V € CNoxNo j i =1, ... K is the (i, j)-th subblock
of G, and ¥/, yi, @ € CM i=1,..., K are the i-th subblock
of X, y, and w, respectively.

The SIC-SDR detector first orders the K groups according
to their signal powers defined as ||Gk’k 2, k=1,....K.
Then, the SDR is performed successively from the group
with the largest power to that with the least, in conjunction
with the SIC. Without loss of generality, assume ”Gl'1 H2 >

|G*2 }2 > ... > ||GKK ”2 The signal detector for the k-th,
k=1, ..., K group can be described explicitly as follows.
~The interferences from the first k — 1 estimated signals
x',i=1,...,k— 1are first cancelled by
k-1
yk — yk _ Z Gk’lf(l (32)
i=1
With the assumption of X! =%,i =1, ...,k —1,(32) can be
further presented as
K
yk — Gk,kxk + Z Gk,lxl + wk (33)
i=k+1

The second term on the right hand side of (33) is the ICI from
the undetected groups, and is viewed as noise in the SDR
detection for x*.

The SIC-SDR detector is summarized in Algorithm 1. It is
easy to see that its complexity is O (K (N/K )3'5).

Algorithm 1 SIC-SDR Detector

. Order the K groups according to their signal powers.
Assume 61172 [622]° = = [GRE
.Setk =1

. while (k < K):

Obtain the estimation X by using the SDR detector
over the signal model (33).

k<—k+1

If k < K, update y* by (32).

. end while

e R N T

IV. COMBINED WITH LAS ALGORITHM

In Section III-D, the proposed SIC-SDR detector achieves a
complexity reduction with the cost of performance degrada-
tion. To boost the performance, we propose to introduce a
post-processing procedure, e.g., the local search algorithm.
Concretely, the estimation obtained by SIC-SDR is employed
as the initial vector of the LAS algorithm [33], as shown
in Fig. 1(a).

The main challenging in the employing of the LAS algo-
rithm in the OFDM-IM detection is how to define the neigh-
bor vector. Different from the conventional MIMO or OFDM
signal, where the nearest neighbor can be defined as the vec-
tor with only one entry changing to its nearest constellation
point [33], the definition of nearest neighbor is more difficult
due to the special signal character of OFDM-IM. Define
the activation pattern (AP) as the n-dimensional vector with
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y [ Sporsic- | x LAS X
"] SDR detector algorithm

T

(a)
(0).1 ol
y » SP detector .S LAS RSN
algorithm
? Selector P>
SIC-SDR | x(92 LAS %2
—> > . =y
detector algorithm
(0)

FIGURE 1. The proposed (a) combined detector with the low-complexity
SP or SIC-SDR detector in the first stage and the LAS algorithm as

the second stage, and (b) the two-restart combined detector with the SP
and SIC-SDR detectors, respectively, as the first stage detector in the
parallel processing.

1 in the i-th, i = 1,2, ..., n entry if the i-th subcarrier is
active, and 0, otherwise. For example, the AP is [1 10 017 if
Ig = {1, 2}. Then, with the direct extension of the definition
in [33], it can be readily shown that the OFDM-IM signal can
only move to the signal with the same AP in the LAS search
which will limit the performance.

Here, we present a definition of the nearest neighbor, which
will admit the signal movement from one AP to another in the
LAS search. Given a vector X = [X[, X2, ..., xu]T consisting
of u OFDM-IM blocks, its nearest neighbor can be defined as
follows.

1) Only one OFDM-block is different between x and
its neighbor. Denote X'[g [Xi,...,Xg—1,Xg,
XB41s oees x,]7, B =1, ..., uas the neighbor with only
the B-th IM block being different.

For x and its neighbor X/(4), the IM blocks x4 and X/g
are related as follows. Denote the i-th, i = 1,...,n
entry of xg by xg;, i.e, Xxg = [x,g,], e, xﬁ,n]T. Given
Xg, x/ g can be divided into two classes.

2)

In the first class, X'g differs from xg in only one non-zero
entry. Recall /g is the set of the indices of non-zero entries
in xg. Assume X'g differs from xg in the ig,-th position.
Then, x"g) i should be the nearest constellation point from
Xg.ig,- Denote Nycp (x,g,,-ﬁy,) as the number of the nearest
constellation points from XBig. In general, Ny¢p (X/g’,'ﬂ,t) is

different for different constellation points. For example, for

A
0o o O<—Q ]vm'p:z
' ]Vncp=4 ,/—”’"‘\\\ l
O «—— 0—1»Q, 0 ‘
(’ T »
1 —
b ‘\Q\ /O/ 11(“1):3‘
inner [circle
o o | o
. middld circle
outer|circle

FIGURE 2. 16-QAM signal constellation. It consists of four black points on
the inner circle, eight blue points on the middle circle and four red points
on the outer circle. The points on the inner, middle, and outer circles have
four, three and two nearest neighbors, respectively.

the 16-QAM constellation consisting of three circles shown
in Fig. 2, Ny, = 4, 3, and 2 for the constellation points on
the inner, middle, and outer circles, respectively. Specifically,
when all the points in the signal constellation are geometri-
cally uniform, N, will be the same for all the signal points.
For example, for the QPSK constellation, Ny, = 2 for all the
signal points. Denote Ny, as the averaged Ny,cp. Then, the X’ 8
in this class has n,N,, candidates.

Example 2: Assume n = 4, n, = 2, 16-QAM modulation,
and xg = 1/\/1_0[1 +j,—1+434,0, O]T. Note that the near-
est signal points of 1 4 jare —1 4,34, 1 —j,and 1 4 3j,
and those of —1 + 3j are —3 + 3j, 1 4+ 3j, and —1 + j. The
nearest neighbors of xg belonging to the first class are shown
at the bottom of this page.

In the second class, X’ g differs from xg with a Hamming
distance of 2, i.e., from xg to x g» one non-zero entry of
Xg becomes zero and one zero entry become a least-energy
signal point of the constellation employed. Moreover, the new
x’ﬁ should be also a legitimate IM block. Denote N, as the
number of the least-energy signal points of the constellation,
and Ngp> as the number of the legitimate APs which has a
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145 ] 3+j 1—j
—143 | | =143 | | —1+3)
0 0 o |
, 0 0 0
X's € 1/¥10 C1+3 ][ 14+ T [ 1+ 14
143 | | =343 ] | 1+3 | | =14
0 0 0 0
o0 0 Lo 0
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Hamming distance 2 with the AP of xg. Then, x’ g in this form
has NypoN. candidates.

Example 2 (continued): Assume the legitimate APs are
those associated with Ig € {{1,2},{2,3},{3,4}, {4, 1}}.
Given xg in Example 1, it has /g (x,g) = {I1, 2}. Obviously,
Npup2 =2, and Ig (x’ﬁ) e {{2, 3}, {4, 1}}. Noting that the least
energy points are 1 +j, —1 +j, 1 —j, and —1 — j, X'g in this
class belongs to the equation shown at the bottom of the next
page.

According to the above definition, for one OFDM-IM
signal x, the number of the nearest neighbors is N, =
U (naNuep + Nup2Ne). Given the definition of the nearest
neighbors, the LAS detector in [33] can be employed here by
a direct extension. For autonomy, the LAS is summarized as
Algorithm II. In line 3 of Algorithm II, Nj;r max denotes the
number of maximum iterations. In line 6, as shown in [33],
the metric I’ can be efficiently computed by utilizing the fact
that the difference vector x;g) — X(4) has only one (neighbor
vector belongs to the first class) or two (second class) non-
zero entries, and the complexity in terms of the number of
complex multiplications is O(NNp,,) with Np,,, 1 < Np, < 2
being the average Hamming weight of the difference vector.
Therefore, the complexity of LAS is O (NNpy,NppNizer) With-
out taking into account the computation cost of the initial
estimation, where Nj,, is the average number of iterations
in the practical implementation.

Algorithm 2 LAS Detector

Input: y, G

Output: X

1. Initialization X = x = x@, I = ”y - Gx© H2
2.5ett =1, flag_c =0, flag_m = 0;

3. while (t <= Niter_max&&flag_c = 0)

4, forg=1,...,u

5. for each neighbor x'(g) of x

6. compute the metric I = ||y — Gx/4 H2

7. IfI'" <T,setx =X, ' =T, and flag_m = 1.
8. end for

9. end for

10. setx =X

11.  if flag_m = 0, then set flag_c = 1
12. t=t+1

13. end while

Example 3: With the same parameter settings as Exam-
ple 2, it can be readily shown that there are 6 and 8 neigh-
bor vectors in the first and second class, respectively, and
Nuep = 3, Nup2 = 2,Npy = (6 x 1 + 8 x 2)/14 = 1.57,
Nup = 14u. When QPSK modulation is considered, it has
4 and 8 neighbor vectors in the first and second class, respec-
tively, and Nyep = 2, Npp = 2, Npyy = (4 x 1 +8 x2)/12 =
1.67, Npp = 12u.

The initial estimation X9 should be the solution from some
low-complexity detectors, e.g., the SIC-SDR and SP detec-
tors. Furthermore, multiple-restart LAS detector with mul-
tiple initial estimations can also be utilized, where multiple
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TABLE 1. Complexity orders of the proposed detectors.

Detector Complexity Order
SDR N3:5
SIC-SDR K(N/K)35
SP Nn2p
MMSE-LLR N3
LAS with SP Nn2P + NNpy Npp Niter

LAS with SIC-SDR K(N/K)3® 4+ NNpwNnp Niter

LAS with SP & SIC-SDR Nn2P + K(N/K)3-3

+N Npw Nnp Niter

LAS detector with different initial estimations are performed
in parallel and the best solution as the final estimation. For
notation simplicity, the LAS detector with the initial estima-
tion from the SIC-SDR detector is abbreviated as LAS with
SIC-SDR. Similarly, the notation LAS with SP is defined.
The 2-restart LAS detector with initial estimations from SP
and SIC-SDR, shown in Fig. 1(b), is abbreviated as LAS
with SP & SIC-SDR. The complexities of these combined
detectors in terms of the number of complex multiplications
are listed in Table 1.

V. SIMULATION RESULTS

In this section, the simulation results are given to evaluate the
performance of the proposed detector. The Rayleigh fading
channel is assumed. The Jakes model [36] is used to gen-
erate the RTV fading channel with the normalized Doppler
frequency f; Ty = 0.15. The exponential power-delay profile
is considered, i.e., the variance of the v-th channel tap is

02 x exp (—v/V). The numbers of subcarriers in one OFDM

v

symbol and one IM block are N = 96 and n = 4, respectively,
and the number of active subcarriers in one IM block is
ng = 2. The CP length and the number of channel taps are
L = V = 10. The transmit signal-to-noise ratio (SNR) is
defined as Ej,/No r where E, = (N + L)/B is the averaged
transmit energy per bit and No 7 = nNy r/n, is the noise
variance in the time domain.

In the SDR and SIC-SDR detectors, the number of candi-
date vectors L, in the randomization procedure is set to be
16 for QPSK modulation and 64 for 16-QAM modulation.
In the SIC-SDR detector, the number of groups is set to
be 6, i.e. K = 6. In the combined detectors, the num-
ber of maximum iterations in LAS algorithm is set to be
N iter_max = 100.

In Figs. 3 and 4, the BER performance of the proposed
detectors is given with QPSK and 16-QAM modulations,
respectively. As a reference, the BER curves of the SP and
MMSE-LLR detectors [3] are also presented.

From both figures, first, the error floor can be observed
in all the detectors except the proposed SDR detector and
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FIGURE 3. Simulated BER performance of various detectors with QPSK
modulation.

the MMSE-LLR detector. This can be interpreted by the fact
that both the SDR and MMSE-LLR detectors process all the
subcarreirs in one OFDM symbol simultaneously and thereby
no error propagation exists, while the other detectors employ
the SIC strategy which will suffer from the error propagation.

Second, the SDR detector has the best performance in
the high SNR region in all the detectors considered here.
The cost is the highest polynomial complexity from Table 1.
Therefore, the SDR detector is a good candidate when the
number N of the subcarriers is small-to-medium.

Third, the SIC-SDR detector suffers from a severe perfor-
mance degradation compared with the SDR detector due to
the error propagation, although a large complexity reduction
is achieved from Table 1. Fourth, in general, the SIC-SDR
detector has some performance gain over the SP detector
with comparable complexity. For example, from Table 1,
the complexity orders of the SIC-SDR and SP detectors are
K(N/K)> = 6 x 16> = 98304 and Nn2” = 96 x 4 x
20 = 24576, respectively, for QPSK modulation, and the
numbers are 98304 and Nn2” = 96 x 4 x 210 = 393216,
respectively, for 16-QAM modulation. On the other hand,
from Figs. 3 and 4, a lower error floor is achieved in the
SIC-SDR detector compared with the SP detector.

FIGURE 4. Simulated BER performance of various detectors with 16-QAM
modulation.

Fifth, the post-processing by the LAS algorithm can
achieve a large performance improvement. For example, from
all the figures, the LAS with SIC-SDR achieves a large per-
formance gain over the SIC-SDR detector. In Fig. 3, the error
floor appears at BER=2 x 10~ in the SIC-SDR detector
while at BER=6 x 107> in the LAS with SIC-SDR detector.
Moreover, the 2-restart LAS with SP & SIC-SDR detector has
a larger performance improvement than both the one-restart
LAS with SP and LAS with SIC-SDR detectors.

Finally, in the case with small signal constellation (QPSK),
the LAS with SP & SIC-SDR detector shows nearly the
same performance as the SDR detector untill BER=3 x 107>
(SNR smaller than 25dB) from Fig. 3. On the other hand,
Fig. 5 gives the average number of iterations of LAS algo-
rithm in the combined detectors. From this figure, the prac-
tical iteration number is usually much smaller than the
maximum iteration number Ny, mqx €specially in the high
SNR region. For example, at SNR larger than 20dB, the aver-
age number of iterations is only a little larger than one
(Niter = 1.069, 1.036, 1.027, and 1.023 for SNR=20,
25, 30, and 35dB, respectively) in the LAS with SIC-SDR
detector, which means that, in most case, only the nearest
neighbors of the initial estimation are searched in the LAS

0 0 0 0
4y | | =143y | —1+3 | | —143
TR IR T U DR (S
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FIGURE 5. Average number of iterations in the LAS algorithm of the
combined detectors with QPSK modulation.

algorithm. Furthermore, from Table 1, the complexity order
is N3 = 96 = 8668607 for the SDR detector, while
Nn2P + K(N/K)*3 + NNpyNuNizer = 96 x 4 x 20 + 6 x
1633 496 x 1.67 x 288 x 2 & 215224 for the LAS-with SP &
SIC-SDR detector when the QPSK modulation is employed.
Here, N, = 12 x 24 = 288, Np,, = 1.67, and Ny, &~ 2 at
SNR larger than 20dB from Fig. 5 are used in the complexity
computation of the latter detector. Therefore, in terms of
the performance-complexity tradeoff, the combined detectors
will be recommended when N is large.

VI. CONCLUSION

In this paper, we studied the application of the SDR-based
convex programming to the OFDM-IM detection in the RTV
channel. By designing the convex constrains associated with
the signal feature of OFDM-IM properly, the proposed SDR
detector shows better performance than conventional detec-
tors with a higher polynomial complexity. To reduce the
complexity, the ordered SIC strategy was utilized in the SDR
detector, and the resulted SIC-SDR detector suffers from
error propagation and shows a large performance gap from
the SDR detector in the high SNR region. To reduce the
gap, the combined LAS and SIC-SDR detector was further
proposed, which achieves excellent performance-complexity
tradeoff.
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