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A Novel Robust Carrier Activation Selection Scheme for OFDM-IM

System with Power Allocation®

Gui-geng LU™, Hai-bin WAN™, Tuan-fa QIN'®, Shu-ping DANG 'Y, Nonmembers,

SUMMARY In this paper, we investigate the subcarriers combination
selection and the subcarriers activation of OFDM-IM system. Firstly, we
propose an algorithm to solve the problem of subcarriers combination se-
lection based on the transmission rate and diversity gain. Secondly, we
ropose a more concise algorithm to solve the problem of power allocation
and carrier combination activation probability under this combination to
improve system capacity. Finally, we verify the robustness of the algorithm
and the superiority of the system scheme in the block error rate (BLER)
and system capacity by numerical results.
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1. Introduction

Index modulation (IM) is a derivative form of spatial mod-
ulation (SM) in MIMO systems [1], [2], which has great at-
traction in spectrum efficiency and energy efficiency. Liter-
atures [3], [4] proposed the combination of IM and OFDM
transmission technology, called OFDM-IM. As a kind of
modulation scheme, how to encode the input bits into the
modulation symbol and the index of subcarriers becomes
the key problem to improve the superiority of the system.
M. Wen proposed that the system could generate a certain
coding gain by using an equiprobable subcarrier activation
(ESA) scheme [7], but without any diversity gain. S. Dang
proposed two mapping selection schemes based on on-ff
keying (OOK) to provide more flexible mapping relations
and frequency diversity gain [8], [9]. However, the varying
number of activated subcarriers increases the difficulty of
receiver detection. In [11], a novel codebook design scheme
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for OFDM-IM is proposed, which is proved to be simpler
without increasing the block error rate (BLER). However,
the scheme lacks a complete subcarriers combination selec-
tion algorithm and ignores corresponding system capacity
problem. So we propose corresponding algorithms to fur-
ther improve the system performance.

2. System Model and Optimization Problems-MaxU

We consider the improved OFDM-IM system with lexico-
graphic order, called LO-OFDM-IM in this letter. The sys-
tem first sorts the subcarriers based on lexicographic order,
and then selects the subcarriers participating in constellation
modulation according to index bits 0’ (silent) - *1’(active).
As shown in Fig. 1, the transmitter contains N subcarriers,
corresponding to N points IFFT. Assuming that m bits are
input for each frame, including P; index bits and P,, con-
stellation modulation bits. The first P; bits are input as the
activation vector to determine the number and combination
of activated subcarriers based on lexicographic order. And
then the remaining P, bits are modulated into constellation
symbols by the activated subcarriers and input to the next
level. Without loss of generality, we represent the input of
the system as x(c, b).

For the M-order constellation modulation, the trans-
mission rate B can be expressed as lelog2 (ﬁ)J + Klog, M,
where (:) is the binomial coefficient and K represents the
number of activated subcarriers. It can prove that B is a
non monotonic function. After the index mapping and con-
stellation mapping, the LO-OFDM-IM system converts the
data into parallel series, transforms the frequency-domain
data into time-domain data through N-points IFFT, and then
adds CP to complete the baseband data processing. After
sampling, discarding CP and performing N-point FFT, we
can express the received OFDM block y(c, b) as follows

y(c,b) = \/ng(c, b) + w, (D

where P, is the total transmission power; w denotes N

N-IFFT | cpapss }—T

Fig.1  Schematic diagram of the transmitting part of LO-OFDM-IM.

m bits
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independently combined additive white Gaussian noise
(AWGN) with Ny noise power density sampled vector on
each subcarrier; H is an NXN diagonal channel state matrix
characterizing the channel quality.

In this letter, we consider the slow fading channel
model, and assume that the optimized codebook and CSI are
known. The detection results X(c, f)) based on ML criterion
can be expressed as follows:

y(c,b) — \/ng(c, b)HF. )

%(c,b) = arg min

x(c,b)eX(c)

Obviously, the subcarriers combination number S must

be the power of 2, that is § = 2t°& (X)), However, mathe-

matically there are L = (%) combinations of subcarriers in

total. In other words, A(V, K) combinations need to be fil-

tered, where A(N, K) = L—S. It leads to the problem of how

to select subcarriers from so many possibilities. In order to

quantify the quality of the selected scheme, we introduce the
concept of the diversity gain d, to LO-OFDM-IM system:

o =

{I,A(N, K) < QN,K, 1) 3)

v, QN,K,v— 1) < AN, K) < QN, K, v),

where Q(N, K, V)=2;:1 (1;:?) represents the sum of the num-
ber of combinations out of L with ones in the v most signif-
icant bits.

To represent the trade-off between index modulation
and constellation modulation, We define the joint gain of
the system U(N, K, M):dZ’Bl‘w, where w € [0, 1] can be
given or specified adaptively according to the channel envi-
ronment and quality of service requirements.

Apparently the function U(N, K, M) is discontinuous.
And the relationship between function and its parameters is
nonlinear. So, we propose the optimization of the maximum
joint gain:

[N, K] = argmax {U = dyB'™"},
st. 2SN <Ny ISK<SN-1,

“4)

where N, is the maximum subcarriers number. The prob-
lem must meet the requirements of d, > d, and B > B,
where d, and B respectively represent the minimum diver-
sity gain and transmission rate that meet the requirements.

3. Optimization Analysis
3.1 Optimization Algorithm

For U(N, K, M), alarge N,,,, or a varied w will bring consid-
erable computational overhead. Genetic algorithm (GA) has
the advantage of not being constrained by the derivative and
continuity and it has better parallelism and global optimiza-
tion capability. Because of these advantages, We design a
scheme based on GA to solve the problem.

The core steps of GA are selection, crossover and mu-
tation. In order to avoid falling into the local optimum, we
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Fig.2  Relation among U and G and Relation among P,, and G

select and improve the elite retention strategy. We use the
best solution of the parent generation replaces the worst so-
lution, which ensures that the evolution process will not de-
generate and genetic diversity.

Obviously, the solution [N, K] of the optimization
problem corresponds to binary encoding, where the first half
represent N and the last represent K. If it satisfies the prob-
ability P, the paternal genes of these two parts perform
crossover operations at random. And the number of N and
K genes involved in crossover are given randomly.

Finally, we consider the mutation operator. We de-
signed mutation probability P,, to be a function rather than
a fixed value. P, is equal to 7an[(0.0202NOP — 0.01)x/2],
where NOP represents the algebra of keeping the optimal
value unchanged. The relationship between P,, and evolu-
tion generation is shown in Fig. 2. It can be seen that the P,
keeps a low level but P,, keeps rising to improve the prob-
ability of jumping out when it may fall into the local opti-
mum. Under the premise of P, the system performs one or
two reverse operations on the N and K genes respectively.
After defining the critical operations, we can give the basic
steps as Algorithm 1 in the next page.

3.2 System Capacity and BLER

The system capacity consists of two parts, the modulated
symbol space Xg for the M-ary constellation, and the in-
dex modulation space Xjy. The capacity corresponding to
the active index combinations symbols selected probability
vector p can be expressed as [10]-[12]:

S
CP) = ) P() ) log, (1 +yplh(ml’)
i neT; (5)

\ P(y|Xim = 77)
+ ZP(TI‘)];P(HXIM = 1;) log, (T)dy

where 7; represents the i-th active index combinations; P(t;)
is the corresponding activation probability; vy is the average
power of subcarriers. The signal-to-noise ratio (SNR) for
LO-OFDM-IM is defined as p=Eb/Ny, and Eb=(N+N_,)/m
[joules/bit] denotes the average transmitted energy per bit.
The posterior probability of the received signal and the like-
lihood probability are denoted as P(y) and P(y|X;y = Ti)
respectively. We can use %;, to represent plh(n)>,n € T
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Algorithm 1 : Optimization Algorithm for Problem MaxU

1: Inmitialize: N,,qx, M,NOP,w, and w, the Maximum Generation
Gnax, Pe, the population V), B,d, are set under the QOS. Initialize
population genes [N;, K;] of the iy, individual, which is randomly s-
elected in the range of 2 < N; < Ny and 1 < K; < |N;/2].

: For (G < Gyax):

: calculate the fitness of each individual and return the smallest one;

: Replace the worst chromosomes with the best of the parents;

: Return the current optimal chromosomes. If the optimal fitness value
keep the same, NOP + +, otherwise NOP = 1;

: Transform the chromosomes into the binary ones;

: Chromosomes crossing under probability P.. Randomly matched indi-
viduals, give the crossing positions of N and K at random, and replace
the corresponding positions;

8: P, <= tan[(0.0202NOP - 0.01)7/2];
9: Chromosomes variation under probability P,,. Mutate one (probability
of 2/5) or two (probability of 3/5) genes of N and K

10: Transform the chromosomes into the real ones and legalize;

11: G <G+ 1.

12: End: The convergence criterion is satisfied.

WA W

~N N

Algorithm 2 : Algorithm for Activation Probability Vector P

Initialize: Total activation combinations S, initialize P(t,)
€ [1/S,1/2].
2: For(i<S):
Update the P, = 1— Y4 P(Ty);
4: Get all the legal values of P(Pt;) € [P../S, min{P(t;_1), P-c}];
Update the order number i «i+1
6: End: The convergence criterion is satisfied.

Algorithm 3 : Algorithm for Problem Power Allocation

Initialize: Index bits P;, h;,, the average power distribution
ratio (1 — 6) € [0,1] which is set under the QOS.
2: For:
Sort the activated subcarriers in ascending order;
Lo 1 _K-n#1 Kk 1\ . .
4: P, < pa— (BPt hn + Dim=n hi,n)' increase by n until
P/, = 0 firstly, which is recorded as P/,,;
P, < 0,vne[l,m—1];
N * 1 1
6: Pi,n = Pi,m +m—m Vn € [m,K];
Pifn = Pifn + (1 - e)Pt/K'Vn € [LK]}
8: End: The convergence criterion is satisfied.

Obviously, P(y)is equal to Z,-S:1 P(t)p(y|Xim = 1)).

2
1 Lyt Iy

1 o @l
P(vIX — 7)) = a=(1+yh; ) o2 6
(¥IXim = i) IS ,LJ 1+yh,~,”e | |e (6)

nét;

The literatures [11], [12] presents an iterative algorithm to
find the optimal activation probability vector p. Considering
that in the binary system, P(r;)e1/2" and 35~} +1/257'=1,
we an deduce that there are only limited number of legal
p- In practice, the legal p can be obtained by Algorithm 2.
After the solution space of p is obtained, the optimal solu-
tion p,,, can be achieved by simple comparison operation.
That is, we can get the best p by simple comparison, and
avoid the complex iterative process and invalid calculation
of the original algorithm. Now we can further consider the
power distribution problem. Considering the constraints of

205

>k | Pi,=P;and P;,> P, where P, is the lowest trans-
mission power of every activated subcarrier, we can design
the Algorithm 3 referring the literature [12]. The proposed
waterfilling algorithm avoids negative value and complex it-
erative process and improves the decision efficiency.

Then let’s move on to the problem of block error rate
(BLER), whose probability under the channel H could be

P.(x(c, b) — %(c, b)H)
- %erfc[ \/ 5 ]5 [ (s b~ sce 13))||i],

where erfc(x) = \/% fx +°° e"’zd,7 is the complementary error

)

function, which can be writed as er fc(x) ~ ée"‘z + %e‘%xz.
And the channel gain probability density (PDF) is an ex-
ponential distribution with u as the coefficient, recorded as
g(x) = lllexp(—l’—j). Then, Eq. (9) is equal to

P,(x(c,b) = %(c, b)H)

~ Zl A m]—[1 XDl 3 0 mIGm ),

where 6(r,m,) is equal to |x(r,m,) — X(7, m,)|%; G(x) is the
allocation function corresponding to g(x); A:{%, le} and
n:{%, %}. Because we introduce lexicographic order in sub-
carriers selection, PDF of the new &y, order changes to
Pey, (X) = /’c(’Z)[G(x)]k‘1 [1 - GV *g(x). Let & be the ad-
justment coefficient corresponding to erfc(x), with a value
of 1.02. Then the Eq. (11) can be expressed as

P,(x(c,b) — X(c, b))

2 N R
Ny, )

€ 1
LN =m)t g Bt

Il
&

where, the value of S, ,, it Bi,=N + 1 + ni,’\;TP,”(&(m,); and
@jm, s equal to B;,, — m,.

4. Numerical Results

In this section, we verify the performance superiority of the
proposed scheme by numerical results. To avoid accidental
results, all experiments are repeated more than 10° trials.

4.1 Optimization Algorithm Performance

Consider the impact parameters P, V), Nyax, w, M and the
approximate solution ratio index, we use the control variable
method to draw the correlation curve, including Fig. 3 and
Fig. 4, under the conditions of the highest evolution algebra
Gax=100, d,= 2 and B=10.

On the whole, the algorithm achieve convergence of the
state in 50 generations. A appropriate higher crossing rate
achieve a faster convergence rate in Fig. 3, because cross-
ing ensures gene diversity. In Fig. 4, it displays the larger
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Fig.3 Relation among WorkOutRate and G with P.=0.5, 0.6, 0.7, 0.8
(left) and relation among WorkOutRate and G with w= 0.25, 0.50, 0.75
(right). In the left, M=2, V=10, Nyaxy=256, w=0.50. In the right, M=2,
V=10, Nypax=256, P.=0.70.
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Fig.4 Relation among WorkOutRate and G with V,=10, 12, 16 (left)
and relation among WorkOutRate and G with Ny,q,=064, 128, 256 (right).
In the left, M=2, w=0.50, P.=0.70, index=0.90, N,,ax =256. In the right,
M=2,V,=10, w=0.50, P.=0.70, index=0.90.

the population is, the faster the solving is, because more in-
dividuals bring more genes. We can also see that that fac-
tor N, and M have little effect on the convergence speed,
which proves the robustness and advantages.

4.2 Performance of System Capacity and BLER

Without loss of generality, we set u = 1, Ny = 1, simulate the
average BLER for the LO-OFDM-IM with BPSK and show
in Fig. 5. We select S subcarriers activation patterns out of L
total combinations by the lexicographic codebook. Accord-
ing to Eq. (3), only d, of patterns of [6,2] and [9,4] colud
be 2, more than 1. It shows that large diversity gain can
bring low BLER. Under the same channel condition, fewer
active subcarriers seem to have lower BLER. But the simu-
lation results show that pattern of [9,4] is much better than
the [9,2]. This proves the correctness of using the diversity
gain as the reference index of patterns selection.

Finally, we compare the capacity and the BLER of LO-
OFDM-IM system based on different ativations vector and
power allocation modes, as shown in Fig. 6. Of course, the
vector p is [1/2,1/4,1/8,1/8] when N is 4. It can be seen that
the capacity of LO-OFDM-IM is higher than the average ati-
vations vector one, which is named as the convention one.
Under the same subcarriers combination conditions, the op-
timal activation probability vector p does have a significant
benefit in increasing the system capacity. Because different
activation modes have different amounts of mutual infor-
mation, the LO-OFDM-IM system cannot reach the maxi-
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Fig.5  Average BLER vs. the SNR with different N and K.
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Fig.6  Relation among Capacity and SNR with different activation prob-
ability and power allocation. Relation among BLER and SNR with differ-
ent activation probability and power allocation.

mum channel capacity under equal probability. Similarly,
the non-uniform distribution of power can also effectively
increase the capacity, especially when the SNR ratio is not
high. We can see that the optimal p brings a lower BLER
as a result of higher utilization rate of the better subcarriers.
Although the optimal distribution of power will lead to an
increase in the block error rate of the system, a better choice
can be made by weighing the relationship between the sys-
tem capacity and the BLER.

5. Conclusion

For the problem of subcarriers combination, we give a ro-
bust algorithm based on GA. According to the scheme given
by the algorithm, we achieve the optimization of U(N, K, M)
and BLER. At the same time, it verifies that under the fast
power allocation scheme we provide, the system capacity is
further improved and the BKER is almost unaffected. In a
word, the proposed scheme can effectively improve the sys-
tem performance.

References
[1] E. Basar, M. Wen, R. Mesleh, M.D. Renzo, Y. Xiao, and H. Haas,

“Index Modulation Techniques for Next-Generation Wireless Net-
works,” IEEE Access, vol.5, no.1, pp.16693-16746, Aug. 2017.


http://dx.doi.org/10.1109/ACCESS.2017.2737528
http://dx.doi.org/10.1109/ACCESS.2017.2737528
http://dx.doi.org/10.1109/ACCESS.2017.2737528

LETTER

(2]
(3]

(4]

(5]

(6]

(71

E. Basar, “Index Modulation Techniques for 5G Wireless Net-
works,” IEEE Commun. Mag., vol.54, no.7, pp.168—175, July 2016.
R. Abu-alhiga and H. Haas, “Subcarrier-index modulation OFDM,”
presented at the PIMRC 2009, Tokyo, Japan, Sept. 2009.

M. Wen, X. Cheng, and L. Yang, “Frequency Domain Index Modu-
lation,” presented at the Index Modulation for 5G Wireless Commu-
nications, Springer, Dec. 2016.

M. Wen, Y. Zhang, J. Li, E. Basar, and F. Chen, “Equiprobable sub-
carrier activation method for OFDM with index modulation,” IEEE
Commun. Lett., vol.20, no.12, pp.2386-2389, Dec. 2016.

S. Dang, G. Chen, and J.P. Coon, “Power allocation for adaptive
OFDM index modulation in cooperative networks,” presented at the
Proc. IEEE GLOBECOM, Singapore, Dec. 2017.

S. Dang, J.P. Coon, and G. Chen, “Adaptive OFDM with in-
dex modulation for two-hop relay-assisted networks,” IEEE Trans.
Wireless Commun., vol.17, no.3, pp.1923-1936, March 2018.

(8]

(9]

[10]

[11]

[12]

207

S. Dang, G. Chen, and J.P. Coon, “Lexicographic Codebook Design
for OFDM With Index Modulation,” IEEE Trans. Wireless Com-
mun., vol.17, no.12, pp.8373-8387, Dec. 2018.

D.-M. Zhang, Y.-Y. Xu, and Y.-M. Cai, “Linear water-filling power
allocation algorithm in OFDMA system,” J. Electron. Inf. Technol.,
vol.29, no.6, pp.20-23, June 2007.

Z. Hu, J. Liu, and F. Chen, “On the Mutual Information and Huff-
man Coding for OFDM-IM,” 2018 2nd IEEE Advanced Information
Management, Communicates, Electronic and Automation Control
Conference (IMCEC) IEEE, 2018.

J.P. Coon, M.-A. Badiu, Y. Liu, F. Yarkin, and S. Dang, “Binary-
Tree Encoding for Uniform Binary Sources in Index Modulation
Systems,” IEEE J. Sel. Top. Signal Process., vol.13, no.6, pp.1270-
1285, Oct. 2019.

M. Wen, X. Cheng, M. Ma, B. Jiao, and H.V. Poor, “On the Achiev-
able Rate of OFDM With Index Modulation,” IEEE Trans. Signal
Process., vol.64, no.8, pp.1919-1932, 2016.



http://dx.doi.org/10.1109/MCOM.2016.7509396
http://dx.doi.org/10.1109/MCOM.2016.7509396
http://dx.doi.org/10.1109/PIMRC.2009.5449882
http://dx.doi.org/10.1109/PIMRC.2009.5449882
http://dx.doi.org/10.1007/978-3-319-51355-3_4
http://dx.doi.org/10.1007/978-3-319-51355-3_4
http://dx.doi.org/10.1007/978-3-319-51355-3_4
http://dx.doi.org/10.1109/LCOMM.2016.2608350
http://dx.doi.org/10.1109/LCOMM.2016.2608350
http://dx.doi.org/10.1109/LCOMM.2016.2608350
http://dx.doi.org/10.1109/GLOCOMW.2017.8269167
http://dx.doi.org/10.1109/GLOCOMW.2017.8269167
http://dx.doi.org/10.1109/GLOCOMW.2017.8269167
http://dx.doi.org/10.1109/TWC.2017.2787056
http://dx.doi.org/10.1109/TWC.2017.2787056
http://dx.doi.org/10.1109/TWC.2017.2787056
http://dx.doi.org/10.1109/TWC.2018.2876821
http://dx.doi.org/10.1109/TWC.2018.2876821
http://dx.doi.org/10.1109/TWC.2018.2876821
http://dx.doi.org/10.1109/IMCEC.2018.8469479
http://dx.doi.org/10.1109/IMCEC.2018.8469479
http://dx.doi.org/10.1109/IMCEC.2018.8469479
http://dx.doi.org/10.1109/IMCEC.2018.8469479
http://dx.doi.org/10.1109/JSTSP.2019.2914531
http://dx.doi.org/10.1109/JSTSP.2019.2914531
http://dx.doi.org/10.1109/JSTSP.2019.2914531
http://dx.doi.org/10.1109/JSTSP.2019.2914531
http://dx.doi.org/10.1109/TSP.2015.2500880
http://dx.doi.org/10.1109/TSP.2015.2500880
http://dx.doi.org/10.1109/TSP.2015.2500880

