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CONCLUSIONS AND FUTURE WORKS

Achievable results of the thesis

1. This thesis has proposed two systems: the RIM-OFDM system with di-
versity reception exploits simultaneously the frequency and spatial diver-
sity to achieve better SEP performance than the conventional IM-OFDM
with diversity reception; The RIM-OFDM system with CI attains higher
reliability and flexibility than the conventional IM-OFDM-CI system.

2. The closed-form expressions for IEP, SEP and BEP were derived to in-
vestigate the system performance and provide an insight into the impacts
of the system parameters on the performance.

3. The low-complexity detectors were also proposed to reduce the complex-
ity while still achieve nearly same performance of the ML detector.

Future works

1. The proposed RIM-OFDM-MRC/SC system uses ML detector which has
high complexity. The proposal of detectors to reduce the complexity of
ML could be an interesting topic for future research.

2. The proposal in Chapter 2 is considered for SIMO configuration. In order
to further improve the diversity gain and transmission reliability, extend-
ing RIM-OFDM to the MIMO and cooperative communication systems
is a challenging topic and very attractive for future works.

3. The performance of the RIM-OFDM-CI system in Chapter 3 is investi-
gated under the perfect CSI condition. Evaluating the impacts of channel
estimation errors on the system performance is a significantly meaningful
topic for future research.

4. The proposals in Chapter 2 and Chapter 3 of the thesis consider the
uncoded systems, it is more interesting when evaluating the SEP and
BER performance of the system with channel coding.

5. The performance in terms of SEP and BER is analyzed for the two
proposed systems. Further analysis using other evaluated parameters
would probably give additional insights into the performance of the pro-
posed systems.
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INTRODUCTION

1. Background of research

Wireless communication has been considered to be the fastest developing
field of the communication industry. Nowadays, the fifth generation (5G) sys-
tem is expected to be an ubiquitous communication between anybody, any-
thing at anytime with high data rate and transmission reliability, low latency.
The 5G system continues employing orthogonal frequency division multiplex-
ing (OFDM) as one of the primary modulation technologies. Meanwhile, based
on OFDM, index modulation for OFDM (IM-OFDM) has been proposed and
emerged as a promising multi-carrier transmission technique. IM-OFDM uses
the indices of active sub-carriers of OFDM systems to convey additional infor-
mation bits. There are several advantages over the conventional OFDM proved
for IM-OFDM such as the reliability, flexibility and the energy efficiency. How-
ever, in order to be accepted for possible inclusion in the 5G standards and
have a complete understanding about the IM-OFDM capability, more stud-
ies should be carried out. This is also a potential research direction that has
attracted much attention of researchers.
2. Thesis contributions

1. Proposing and analyzing the performance of a repeated IM-OFDM sys-
tem with spatial diversity using maximal ratio combination and selec-
tion combination (RIM-OFDM-MRC and RIM-OFDM-SC). This system
achieves the diversity order of 2L, double diversity gain compared to the
conventional IM-OFDM with diversity reception.

2. Proposing and analyzing the performance of a repeated IM-OFDM sys-
tem with coordinate interleaving (RIM-OFDM-CI) that achieves better
reliability than the conventional IM-OFDM-CI. Based on the perfor-
mance analysis, proposing a simple method to determine the optimal
rotation angle to minimize the error probability. Three low-complexity
detectors are proposed for RIM-OFDM-CI to relax the computational
complexity.

3. Thesis outline

This thesis includes 90 pages and is organized in three chapters including

the introduction, conclusion and references.



Chapter 1
RESEARCH BACKGROUND

1.1 Basic principle of IM-OFDM

Index modulation for OFDM is an OFDM-based transmission technique
which utilizes the sub-carrier index to convey more data bits in addition to the
M-ary modulation. The incoming data bits in IM-OFDM are divided into two
parts. The first part is used to select the indices of active sub-carriers, while the
second part is fed to an M-ary mapper as in the conventional OFDM system.
However, the IM-OFDM system only activates a subset of sub-carriers, leaving
the remaining sub-carriers to be zero padded. Since the information bits are
transferred not only by the M-ary modulated symbols but also by the indices
of the active sub-carriers, IM-OFDM can attain better transmission reliability
and higher energy efficiency than that of the conventional OFDM.

The block diagram of a typical IM-OFDM system is illustrated in Fig. 1.1.
The system consists of Nr sub-carriers which are separated into G sub-blocks,
each with N sub-carriers. At the transmitter, a sequence of incoming m bits is
first separated into G groups of p bits. For the g-th sub-block, the incoming p
bits are then split into two bit sequences. The first p; = |log, (C (N, K))| bits are
to select K out of N sub-carriers by using either look-up table or combinational
number system.

The second bit sequence of length p, = Klog, M is to determine the complex
modulated symbols that are transmitted over the active sub-carriers. Based
on the defined symbols and index set, the IM-OFDM sub-block maps each
modulated symbol to the transmitted signal over the corresponding activated
sub-carrier as in an example in Table 1.1.

At the receiver, either maximum likelihood (ML) or log-likelihood ratio
(LLR) detector is used to jointly detect both active sub-carrier indices and
M-ary modulated symbols.

Without taking into account the cyclic prefix (CP), the spectral efficiency
of the IM-OFDM system, measured in bit/s/Hz, is given as follows

. |log, (C/(N, K]%)J + KlogQM. (1.1)
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Figure 3.5: SEP performance of RIM-OFDM-CI and benchmark systems
using different detectors.

The SEP performance of RIM-OFDM-CI and the reference systems us-
ing the ML, LowML, LLR, GD detectors at the same spectral efficiency of
1.75 bits/s/Hz are compared in Fig. 3.5. The proposed scheme using LLR de-
tector outperforms the benchmarks. Particularly, at the SEP of 1072, RIM-
OFDM-CI-LLR provides a gain of about 6 dB, 3.5 dB and 17 dB over IM-
OFDM, IM-OFDM-CI and ReMO using LLR detector, respectively. When us-
ing LLR and LowML, the proposed scheme also attains the same performance
of the ML detector. The proposed system using GD detection also considerably
improves the error performance of the benchmark systems.

3.6 Summary of chapter 3

This chapter proposed and analyzed the performance of RIM-OFDM-CI.
Based on the theoretical results, the optimal constellation rotation angle has
been determined. Three low-complexity detectors that allow the system to re-
duce detection complexity while enjoying comparable SEP performance with
the ML detector have also been proposed.
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Figure 3.3: Index error performance of RIM-OFDM-CI, IM-OFDM, IM-
OFDM-CI and ReMO systems at the spectral efficiency of 1 bit/s/Hz.
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Figure 3.4: SEP performance of RIM-OFDM-CI, IM-OFDM, ReMO and
CI-IM-OFDM using ML detection.
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Figure 1.1: Block diagram of an IM-OFDM system.

1.2 Advantages and disadvantages of IM-OFDM
1.2.1 Advantages:

e IM-OFDM can provide a trade-off between the error performance and
spectral efficiency thanks to the adjustable number of active sub-carriers.

o IM-OFDM can achieve improved BER performance over the conventional
OFDM system at the same spectral efficiency and the cost of an accept-
able detection complexity.

¢ Since sub-carrier index modulation is conducted for a sub-block g using
smaller number of sub-carriers, IM-OFDM is less influenced by the peak-
to-average power ratio (PAPR) problem than that of the OFDM system.
It is also more robust to inter-carrier interference (ICI) thanks to the
activation of only a subset of the available sub-carriers.
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Table 1.1: An example of look-up table when N =4, K =2, p; =2

Data bits ‘ Indices ‘ Transmitted signal ‘

00 [1,2] 5y, 55,0,0]"
01 [2,3] [0, 5y, 85,0]"
10 [2,4] [0, 54,0, 55]"
11 [1,3] 5y, 0, 55,07

1.2.2 Disadvantages:

e The error performance of uncoded/coded IM-OFDM system is generally
worse than that of the conventional OFDM system at low SNR regime.
This is due to the fact that the index detection is more vulnerable to
error under the impact of large noise.

e The detection complexity of the ML detectors for IM-OFDM is higher
than that of the conventional OFDM system due to joint estimation of
both active indices and the M-ary modulated symbols. This limitation
can be facilitated by using the LLR and GD detectors at a slight loss of
the transmission reliability.

1.3 Summary

This chapter has introduced the research background of the present thesis.
As has been shown, IM-OFDM has several advantages over the conventional
OFDM. However, IM-OFDM still suffers from some drawbacks such as the
limitation of error performance and high detection complexity. These problems
will be addressed in the next chapters.

expressed by the number of floating points (flops) per sub-carrier. The com-
putational complexities of RIM-OFDM-CI using ML, lowML, LLR and GD
detectors are estimated and summarized in Table 3.2.

Table 3.2: Complexity of ML, LowML, LLR and GD dectectors.

Number of flops N, K, M N, K, M
Detector per sub-cjrﬁei (: (4, 2,4)) <: (8,4, 8))
ML (30N — 2) MK 7552 974848
LowML | (2K + 20N + 94MK)c | 3344 203264
LLR 206MN + 7N 4+ 94MK 1196 4728
GD 10N +94M K 792 3088

As can be seen from Table 3.2 that the ML detector has the highest com-
plexity in terms of number of flops per sub-carrier, which grows exponentially
with M, while those of lowML, GD and LLR detectors are linearly proportional
to M. In spite of having the same detection process, the GD detector still can
reduce the computational complexity in comparison with the LLR detector.

It can be seen that the complexity of the LLR detector is close to that of
the GD when N, K, M are high. Thus, the LLR detector is recommended for
large N, K, M since it does not only decrease the computational complexity but
also provides the same reliability of the ML detector.

3.5 Performance evaluations and discussions

Fig. 3.3 compares IEP of RIM-OFDM-CIT and the benchmark systems at the
same spectral efficiency of 1 bit/s/Hz. The proposed scheme has significantly
improved IEP performance. Since the proposed scheme employs joint index
repetition and coordinate interleaving, it can achieve better diversity gain in
the index domain than the IM-OFDM, IM-OFDM-CI and ReMO systems.

Fig. 3.4 depicts the SEP performance of RIM-OFDM-CI, IM-OFDM, IM-
OFDM-CI and ReMO systems at the same spectral efficiency of 1 bit/s/Hz. At
SEP of 107*, the proposed scheme provides an SNR gain of about 13 dB, 1.5 dB
and 2.5 dB over the IM-OFDM, the IM-OFDM-CI and the ReMO, respectively.
This achieved gain is thanks to the improved IEP performance which helps to
reduce the M-ary SEP, leading to the overall better error performance compared
to the benchmark schemes.
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Algorithm 3.2: LLR detection algorithm.
1) Input: yi, yo, Hy, Hy, S%, T
2) Compute N LLR values A («) according to (3.19)
Find K largest LLR values to estimate 0
for k=1 to K do
_ T
Compute Hyq,, Has, according to (3.22)
Estimate a;, and by, according to (3.23)

w

(
(
(
(4
(5
(
(
(
(
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end for

— — ' — — ~— — ~—

o

Output: é, S1, 89

3.3.2 GD detector

Algorithm 3.3: GD detection algorithm.

Input: yi, y», Hi, Hy, 8%, T

Calculate = (a) = |y1 (@) >+ |y2 (o) |, for a =1,...,N
Find K highest values of Z () to detect 6

for k=1to K do

(1)
(2)
(3)
(4)
(5)  Define ya, = [y, vla, v, vho]"
(6)
(7)
(8)
(9)

Compute Hyg,, Hag, according to (3.22)
Estimate d; and by, according to (3.23)
end for
Output: é, S1, So

The GD detector estimates the K indices of active sub-carriers based on
K out of N sub-carriers which have the highest power sum of the two groups,
i.e., |y1 (@) | + |y2 (o) |>. The estimation of the corresponding M-ary symbols is
similar to that of the LLR detector. The GD detection effectively works with
the proposed RIM-OFDM-CI system. GD algorithm is given in Table 3.3.
3.4 Complexity Analysis

This section focuses on evaluating the computational complexity of the pro-
posed detectors and comparing them with the ML detector. The complexity is
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Chapter 2

REPEATED INDEX MODULATION FOR
OFDM WITH DIVERSITY RECEPTION

2.1 RIM-OFDM with diversity reception model

p,bits|  Index b
>
mapper IM- x
OFDM | Xy
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ML G ! -
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b) Receiver

Figure 2.1: Structure of the RIM-OFDM-MRC/SC transceiver.

An up-link SIMO-IM-OFDM system is illustrated in Fig. 2.1. The trans-
mitter is equipped with a single antenna while the receiver has L antennas
for diversity reception. Unlike the conventional IM-OFDM, in the proposed
system, all active sub-carriers transmit the same M-ary modulated symbol s.
The use of this repeated modulation over the sub-carrier domain is to obtain
frequency diversity at the cost of spectral efficiency.
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At the receiver, either MRC or SC can be used to attain spatial diversity.
The output of the reception combiner can be expressed as

y =HAs+n, (21)

where X is the index vector, y = {ymrc, ysc}, H = {Hurc, Hsc},n = {nurc, nsc},
depending on which combiner is used.

2.1.1 RIM-OFDM-MRC

Using a weighted matrix W = H” | the output of MRC combiner is given by
yMrc = HvmrcAs + nure, (2.2)

where Hyre = WH, nMre = Wn.
b) RIM-OFDM-SC

The SC combiner chooses the diversity branch with the largest SNR. The
output of the SC combiner is given by

ysc = HscAs + nsc, (2.3)

where Hsc = diag{hsc (1),...,hsc (N)} with each element hsc () = max;|hy (a)|2.

For signal recovery, an ML detector is employed to jointly estimate the index
symbols and the M-ary modulated symbol s as follows

(5\, §) = argmin |ly — HAs| 7. (24)
A,s

2.2 Performance analysis under perfect CSI condition
Symbol error probability (SEP), denoted by P, is separated into two parts:

index symbol error probability Pr and M-ary modulated symbol error proba-

bility Pa. Their average values are denoted by P, P; and Py, respectively.

2.2.1 Performance analysis for RIM-OFDM-MRC

a) Index error probability

Using the pairwise index error probability (PIEP) of the ML detector. PIEP
is the probability that the detector mis-detects a transmitted i-th index vector

6

3.3.1 LLR detector

In order to estimate the indices of active sub-carriers, the LLR detector
calculates the following LLR for each sub-carrier as follows

M) = [y1al® = [Y10 — Prasx | + [y2a]” = Y20 — haasy|?, (3.19)

wherea =1,...,N, s, € 8*. Based on N computed LLR values, the LLR detector
selects the K largest LLR values to determine the set of active sub-carrier
indices.

Upon having successfully detected the indices of active sub-carierrs, the
corresponding data symbols can be estimated. For each active sub-carrier set
6 = {a,...,ax}, we can express the received signal for active sub-carrier &y € 0,
kE=1,.., K, as follows:

y{zdk hﬁ&k 0 0 —h{ak af nfdk
y{ak i h{&k 0 0 hﬁik ai n{ak 3.20
R - I R x r|T R ( . )
Y24, 0 *hzak thk 0 bi; Naa,,
yéak 0 hgak héak 0 bi nédk

Equation (3.20) can be rewritten in the vector form as follows:
Va, = Ha, 8k + ia,, (3.21)

where Ha, = [His, Haa,]", and Hia,, Haq, are respectively given by

his, 0 0 —hia,
_ hi, 0 ~ 0 his
Hio,=| | Ha=| o e (3.22)
0 —hmk hmk 0
0 b, Rsa, 0

Since columns of channel matrix Hs, are orthogonal, data symbols a; and b
can be detected independently by the single-symbol ML detector as follows:

T
—_ 5 R I
Ya, — Hldk |:ak ak:|

ar = arg min ,

ap€8? Jal
o2 (3.23)
T : 5. .. R ;I
b, = arg binel&’ Ya, — Haa, [bk bk] B
Based on estimated symbols a, and by, k = 1,..., K, the symbol vectors for

each cluster is recovered as in (3.18). The LLR detection algorithms can be
summarized as follows

19



a final decision on the indices of active sub-carriers which corresponds to the
best estimated symbols by

j=argmin {D,}, (316)

where D, = ||ly1 — Hix1,||% + |ly2 — Hao%X2,||%. Using j the estimated set of active
sub-carrier indices is given by § = ¢;. The M-ary modulated symbols of both
clusters are then detected as follows

ay = dkdy i)k = Bkyjn (317)

Based on estimated symbols a, and by, where k = 1,..., K, the symbol vectors
for each cluster are given by

A A ~ T
=i a o ax]”, s2=[bib . bk (3.18)
The low-complexity ML detection algorithm is summarized as follows:

Algorithm 3.1: Low-complexity ML detection algorithm.
(1) InplIt: Yi, Yo, H17 H29 S¢a 1z

(2) for y=1to 2 do

(3) for k =1to K do

(4) Define (¥o,), = [y, vlo, v8, Vi),

(5) Calculate (ﬁmk)], (ﬁgak)] as in (3.14)
(6) Estimate ay, and by, according to (3.15)
(7) end for

(8) From ay,, and Bkm create §; ,, Sg,

9) Combine §; ,, 82, and 6, to generate X ,, X2,
(10) Compute D, = Z?:l ly: — Hix; |3, for i = 1,2
(11) end for

(12) Estimate j = argJ:Iﬁl“i%pl D,

(13)  Generate 6 = 0;, ar = ay;, b = Bkj

(14) S1, S as in (3.18)

(15) Output: 0, &1, 8

It can be seen that unlike the ML detector, the proposed lowML detector has
the computational complexity of ~ O (2Pt M K), which linearly increases with M.
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into the j-th index vector. The PIEP can be expressed as

P oAy =0 <\/“"E‘*'H;§V; HAJ'”%)7 (2.5)

where A; and A; are transmitted and the estimated index vectors, respectively.
Then, applying the MGF and union bound, the average PIEP of RIM-
OFDM-MRC can be obtained as

_ 9 1 1
PI}IRC%E [nguxc (—Z> +3M,Y§ARC <_§):|

9 42L 32L+1

~12 [(4+ﬁ)“ i (3+7)2L} ’ (26)
where ¥ = Xj:l ni/c.
b) M-ary modulated symbol error probability
The instantaneous SEP of the M-ary modulated symbol is given by
Py~ 20 ( 29MRC gin (W/M)) , (2.7)

Using MGF approach, the average M-ary modulated SEP of RIM-OFDM-MRC
is given by

—MRC
PM ~

1 3
: 2.8

As a result, the average SEP of the RIM-OFDM-MRC system is given by

1
6

—MRC _ ¥ 16~ 3L+l 1 1 3
Ps S ﬂ _\2L + _ 2L:| E _\LK + 4p7\LK | ° (29>
(4+73) (B3+%) (1+p7) (1+ 427)

2.2.2  Performance analysis for RIM-OFDM-SC
a) Index error probability

Using similar method as in RIM-OFDM-MRC, PIEP of RIM-OFDM-SC is
given by
—=sc _ ¢ 1 1 ) _ _
P < [M@c (7) + 3MASC <f§)} = 5L (PiC +3PE) (2.10)

7



where P;¢ and P;C are given as follows

Lo ay | Lo sy |
»SC - - _SC: - -
Py [Z< l >4l+4+"y SEE [Z< ! >3l+3+"y

=0 =0

(2.11)

b) M-ary modulated symbol error probability

Similar to (2.8), SEP of the M-ary modulated symbol of the RIM-OFDM-
SC system is given by

—sc L* =
where Py, and Py, are defined by

s -1\ 0t 18 e [ n-1) s-1)
PMl:[Z( ! >l+1+p7 ’PM2:{2< ! >3l+3+4p’y

=0 =0

K

(2.13)

As a result, the closed-form expression for the average SEP of RIM-OFDM-SC
is obtained as follows

5 IL? [ - L* -
AT (P?f n 3P§f) +o (Pi?l n 3P§Z) . (2.14)
Where Py, Py, Pyr, Pay, are determined in (2.11), (2.13), respectively.
2.3 Performance analysis under imperfect CSI condition
2.3.1 Performance analysis for RIM-OFDM-MRC

Practically, channel estimation errors can occur at the receiver. The receiver
utilizes the actually estimated channel matrix in place of the perfect H in (2.1)
to detect the transmitted signals.

a) Index error probability

Using the similar method as in the case of perfect CSI, the closed-form
expression for the average PIEP of RIM-OFDM-MRC under the imperfect CSI
condition is given by

v

PII\/IRC S 5

4+ 27¢€ 2L+3 6437 \** (2.15)
447 + e 6+ 27 + 72 ’ '

where €2 is the error variance.

3.3 Low-complexity detectors for RIM-OFDM-CI

For each possible combination of § = {a1,...,ax}, which is represented by
0,, where 3=1,...,271 0, € J, we can express the received signal for sub-carrier
ay € 0,, where k =1,..., K, as follows

Yia, i, 0 0 —hi.,
A I T R
yé%ak, 0 _héak hgak 0
I R I
y2ak ; 0 h2ak hgak 0 5
ai’ i,
I I
a n
x| G| | e (3.12)
bk N2ay,
i ] L ok

Equation (3.12) can be rewritten as
(S’ak)]: (I:Iak)]gk+(ﬁ&k)y (313)

where (Ha, ), = [(ﬂmk)] (ﬂmk)J]T’ (Hio, ), and (Hza, ) are respectively given by

hit, 0 0 —hia,
_ ri, 0 _ 0 RE,
(Hmk)] = lok —hé s (Hzak)J = hf‘ 10k . (314)
Qg (237}
0 hi, , R, 0 ,

Since the orthogonal property exists for the columns of channel matrix (I_{Qk)j,
the single-symbol ML detector can be used to independently estimate ax,, and
by, as follows

2

G, = arg min ,

Vo), — (Hiay), [off af]"

aR €Sy F
A ) R (3.15)
by = argmin | (va,), — (Fza,), [bF ]

brESy F

Upon having the results from (3.15), the coordinate interleaving principle
is applied to each pair of (dk,j,ék,j) to create §1,52. Then, §1,8; and 0, are
combined to generate N x 1 symbol vectors %;,. The lowML detector will make
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Figure 3.2: Rotated signal constellation.

3.2.2 Optimization of rotation angle

This section introduced a solution to determine the optimum value of the
rotation angle, denoted by ¢op, to minimize the SEP based on the above per-
formance analysis without utilizing computer search. For simplicity, we only
analyze in detail the case of quadrature amplitude modulation (QAM) constel-
lation with M = 4 as shown in Fig. 3.2. Following this figure, the imaginary and
real parts of the data symbol after phase rotation can be presented as follows

al = ucos ¢ + vsin ¢, (39)
al = —u sin ¢ + v cos ¢.

Besides, from above performance analysis, the minimization of SEP becomes
the minimization of the value of J function given by

J = Z P(a1 — &1) (310)
a1#ay

At the high SNR regime, J can be approximated as

M( 2 1 )1, (3.11)

sin? 2¢ + dcos?2¢ ) 42

After some straight mathematical manipulations, the optimum rotation angle
for 4-QAM scheme can be calculated as ¢opr = 30°. Applying the similar process,
the following optimum values can be determined: ¢op = {45°,30°,9.5°,40°,30°}
for M = {2,4,8,16,64}, respectively.
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b) M-ary modulated symbol error probability

The M-ary SEP for RIM-OFDM-SC in the case of imperfect CSI is given by

PR o 1 : 1) e 3 | (2.16)
1—e2)3p 1—€2)3p
(1 + 1+7e2 > (1 + 3(147¢2) )

Accordingly, the average SEP of RIM-OFDM-MRC under the imperfect CSI
condition is obtain as
( 4+ 27e2 )“ +3( 6 + 37> )”
4475+ 7e? 6 4 27 + 72
1 3
+t13 e T T e = | - (2.17)
(1 + 1+7e2 ) <1 + 3(1+7¢2) )

2.3.2 Performance analysis for RIM-OFDM-SC

~ MRCNE
s T

a) Index error probability
The approximated PIEP of RIM-OFDM-SC under the imperfect CSI con-

dition is given by

. 9 —1 ) —2 9 2 (5 .
P < {Mﬁc (7> +3M35¢ < >] = L7 (PR 43P,

=12 4 4 27e2 6 + 37e2
(2.18)
where Pr°, PEC is given as follows
L— _ 2
psc _ E:l L—1 (4+27¢%) (-1)'
! — I ) (4+29e2) 1+ 447 +7¢
_ _ 2
FN'SC _ Lz:l L—-1 (6 + 3’)/62) (—l)l (2 19)
f2 e\ 1 ) (6+37€2) 1+ 6427 + 7€ :

b) M-ary modulated symbol error probability
Similar to (2.12), the M-ary modulated SEP for RIM-OFDM-SC in the
case of imperfect CSI can be approximated by

- LK . -
P3F ~ ?(Pﬂsﬁ +3Py5), (2.20)



where Pyf) and Py are respectively given by

s |=(L-1 (-1 : sc |~ (L-1 3(-1) "
PMl[?—%( l >l+1+ (“)”] PMQ[?—%( : >3z+3+4p(1“2)”] '

1+7¢€2

At a result, the average SEP of RIM-OFDM-SC under imperfect CSI condition
is given by

L? Z ni
2ic

LK
12

~ SC
s ~

(PiC 4+ 3P5C) + Z— (B3 + 3Py, (2.22)
where P5C, PEC) and P5S, PSS are given in (2.19) and (2.21), respectively.
2.4 Performance evaluation and discussion

2.4.1 Performance evaluation under perfect CSI

10° . S S T T
R —&— IM-OFDM-MRC, (4,2,4)

i NN, —&— RIM-OFDM-MRC, (4,2,4)
1oL EY AN —6— RIM-OFDM-MRC, (4,2,8) |
= = = Theoretical
————— Asymptotic

102 F

Average SEP
5

Es/No (dB)
Figure 2.2: The SEP comparison between RIM-OFDM-MRC and the con-
ventional IM-OFDM-MRC system when N =4, K =2, L =2, M = {4,8}.

Fig. 2.2 illustrates the comparison between SEP performance of RIM-OFDM-
MRC and IM-OFDM-MRC at the spectral efficiency of 1 and 1.25 bits/s/Hz.
The proposed system outperforms the reference system. Particularly, at SEP

10

3.2 Performance analysis
3.2.1 Symbol error probability derivation

Symbol error probability (SEP) of the RIM-OFDM-CI system is given by

Pr+ KPu
Po=—pi (3.4)
where Pr and Py denote the index error and M-ary modulated symbol error
probabilities, respectively. SEP of the M-ary modulated data symbols in RIM-
OFDM-CI can be calculated by utilizing the pair-wise error probability (PEP)
of modulated symbols. PEP is determined by the probability that a transmitted
symbol a; is made wrong estimation by symbol a;.

The conditional PEP of RIM-OFDM-CI can be computed as follows

P (a1 = @1 |h1,ha) = Pr [|f1 — |ha| a7’ — j |he| a1
—0 /\M\QA%;\M\QA?)
0
e /%)

~ . 2 ~
< |7 = Ihalaff = j hal af|* = |7un]?]

(3.5)
where A% = |aff — af'|? and AF = |af — a]|?.
Following the MGF approach, the average PEP of the M-ary modulated
data symbol is calculated as follows
Mo (-1) | Ma(-3)

12 4
1 1

TR ) (S ()

Using the union bound, the M—ary modulated SEP is given by

Py = \S¢| Z Z (a1 — a1). (3.7)

a1 €8% ar1#a1

P(a1 —>€L1):

(3.6)

The approximate average SEP of the repeated IM-OFDM-CI can be ob-
tained as follows

1
PSQ\I/ ) — 3 + — A2 ~ A2 )
12(1+258) (14 251) a1+ 258) (14 235E)

where ¥ = K/ (K +1).

(3.8)
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cluster for N =4, K =2, pr = 2 is presented in Table 3.1.

Table 3.1: Example of LUT for N =4, K =2, p; = 2.
pr 0 x? Xg
00 | [1,2] | [aff +4b] aff+ 6L 0 O] | [b + jai bF+ jal O O]
01 | [2,3] | [0 aff+jb] alf+ b8 0] | [0 bl + ja] b + jal O]
10 | [2,4] | [0 ai'+jby 0 a5+ jbs| | [0 bi' + jag O b5 + jaj)
11| [1,3] | [ag' +jby 0 a5+ b5 O] | [bff +jag O b+ jay O

It can be seen that the real and imaginary parts of the original M-ary
symbols are transferred over different sub-carriers, leading to an improvement
of the diversity gain. Combining the index repetition and the joint coordinate
interleaving allows RIM-OFDM-CI to activate an arbitrary number of sub-
carriers which makes RIM-OFDM-CI more flexible than the conventional ITM-
OFDM-CI system.

The IM-OFDM sub-block creator receives x; and x» to generate the trans-
mitted vector per sub-block that is given by x = [x{ x3 | " Under the flat fading
channel, the received signal in the frequency domain can be expressed as

y = Hx + n, (31)

H, O
0 H:
The spectral efficiency of the RIM-OFDM-CI system is given by

where y = [y y2]", H= |: and n = [n{ nQT]T.

n= llog, (C (N, K))] + 2Klog, M

SN [bits/s/Hz] . (3.2)

In order to detect the transmitted signal, the receiver employs an ML detec-
tor to jointly estimate the active indices and the corresponding data symbols
for both clusters. The ML detection for RIM-OFDM-CI is given by

(é,é1,é2) = argggllirégﬂnyxH%. (33)

14

100 T T

—¥— IM-OFDM-SC, (4,2,4)
—8— RIM-OFDM-SC, (4,2,4)
—O— RIM-OFDM-SC, (4,2,8)
1017 - — = Theoretical E

Average SEP

[N
)
w

104 ¢

10
0 5 10 15 20 25

E</No (dB)

Figure 2.3: The SEP performance of RIM-OFDM-SC in comparison with
IM-OFDM-SC for N =4, K =2, L =2, M = {4,8}.
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Figure 2.4: The SEP performance of RIM-OFDM-MRC in comparison with
IM-OFDM-MRC under imperfect CSI when €2 = {0.01,0.05}.
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of 107*, RIM-OFDM-MRC achieves SNR, gain of about 5 dB over IM-OFDM-
MRC. Analytical bounds tightly close to the simulation curves at high SNRs.
This validated the performance analysis.

Fig. 2.3 compares SEP performance of RIM-OFDM-SC and that of IM-
OFDM-SC. RIM-OFDM-SC achieves better SEP performance than IM-OFDM-
SC. The theoretical results matches well with simulation.

100 T T T
—3— IM-OFDM-SC, (4,2,4)
—F— RIM-OFDM-SC, (4,2,4)
d —O— RIM-OFDM-SC, (4,2,8)
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Average SEP
[ =
S S
& o

.
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10°F

‘
0 5 10 15 20 25 30 35 40
Es/No (dB)

Figure 2.5: The SEP performance of RIM-OFDM-SC in comparison with
IM-OFDM-SC under imperfect CSI when €2 = 0.01.

Fig. 2.4 and Fig. 2.5 depict SEP of the proposed system when channel esti-
mation errors occur at the receiver. RIM-OFDM-MRC/SC still achieves better
SEP performance than that of the conventional IM-OFDM-MRC/SC. Since €
is fixed, the error floor occurs in both cases. The analytical results tightly close
to the simulation. This validates the accuracy of theoretical analysis.

2.5 Summary

This chapter proposed the RIM-OFDM-MRC/SC system which outperforms
the conventional IM-OFDM-MRC/SC system at the same spectral efficiency.
The system behavior of both the proposed system under different CSI condi-
tions was investigated. The analytical and simulation results prove that the
proposed scheme yields better error performance than that of the benchmark
systems at the same spectral efficiency and various channel conditions.
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Chapter 3

REPEATED INDEX MODULATION FOR
OFDM WITH COORDINATE INTERLEAVING

3.1 RIM-OFDM-CI system model

Pbits [ pdex 0
mapper > Cluster | x,
B 5] creator —» ™
M-ary i Phase [Si] | I 1 OFD-M x Xf
mapper rotation 4 T IFFT
sub-
_ % Cluster | X,
M-ary 5 [ Phase s) c1 |8 creator —» block
p,bits| mapper rotation > 2
a) Transmitter
M
pbits Cluster splitter & |  Sub- y Y
<— LowML/LLR/ block «— FFT
GD detector <y72 splitter

b) Receiver

Figure 3.1: Block diagram of a typical RIM-OFDM-CI sub-block.

The block diagram of a typical RIM-OFDM-CI sub-block is depicted in
Fig. 3.1. An N sub-carrier OFDM system is split into G sub-blocks of Ng sub-
carriers. Then, each sub-block is partitioned into two clusters of N sub-carriers.
Since signal processing in each sub-block is similar and independent, without
loss of generality, we will focus on a typical sub-block.

Similar to the IM-OFDM system, an additional number of information bits is
transferred through the indices of active sub-carriers. The remaining N — K sub-
carriers are set to null. Different from the conventional IM-OFDM-CI system,
RIM-OFDM-CI employs the same set of active indices 6 for two clusters in one
sub-block as illustrated in Fig. 3.1. It is noteworthy that index repetition can
improve the accuracy of the index detection over the conventional scheme at
the cost of spectral efficiency. An example of the transmitted codewords in each

13
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