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Abstract—Orthogonal frequency division multiplexing with
index modulation (OFDM-IM) transmits additional information
bits through the indices of active subcarriers. In this paper, we
explore the potential of an improvement of OFDM-IM by reusing
inactive subcarriers to transmit signals for a secondary system.
We consider a cognitive radio network assisted by OFDM-IM,
where the primary user (PU) transmits its signal to the primary
receiver, and the secondary user (SU) senses the idle spectrum
and transmits its own signal to the secondary receiver via those
idle subcarriers. By either combining the signal transmitted from
SU or not, we propose two different detection strategies with
different trade-offs between the computational complexity and
system performance. An asymptotically tight upper bound on
the bit error rate is derived to evaluate the error performance.

Index Terms—Index modulation, cognitive radio, OFDM, bit
error rate.

I. INTRODUCTION

Orthogonal frequency division multiplexing with index
modulation (OFDM-IM) is a promising multi-carrier trans-
mission technique, which conveys additional information via
indices of active subcarriers [1], [2]. In OFDM-IM, the infor-
mation bits are composed of index bits and modulation bits.
Unlike the conventional OFDM scheme, OFDM-IM transmits
modulated symbols generated by modulation bits through
partial subcarriers and the index bits are transmitted via the
subcarrier activation pattern (SAP).

As a developing technology, OFDM-IM has been applied
to a wide range of practical scenarios, such as the cooperative
communications [3]–[5], underwater acoustic (UWA) commu-
nications [6] and cognitive radio (CR) communications [7]. In
[3], the mapping method between index bits and SAPs is adap-
tively selected for OFDM-IM decode-and-forward relaying
systems. In order to improve the system performance, multiple
relays are employed for OFDM-IM relay systems in [4], [5].
In addition, OFDM-IM is applied to the UWA communication
system to enhance the system spectral efficiency in [6]. In
[7], OFDM-IM is investigated in CR networks, where the
primary user (PU) transmits the conventional OFDM signals to
its receiver and the secondary user (SU) transmits OFDM-IM
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signals to both primary receiver (PR) and secondary receiver
(SR). Note that the information bits for the SU are only
conveyed by SAPs.

Against this background, we propose an OFDM-IM assist-
ed by CR (OFDM-IM-CR) scheme to explore the potential
of utilizing inactive subcarriers for a secondary system in
interweave CR networks, where the PU first transmits the
conventional OFDM-IM signal to the PR and the SU then
transmits its own signal through inactive subcarriers. It should
be noted that the indices of inactive subcarriers for the SU are
estimated by detecting the SAP of the OFDM-IM obtained
from the PU. Two different detection strategies, named as
the cooperative detection (CD) and non-cooperative detection
(ND), are proposed for the PU, where the CD method com-
bines two OFDM-IM signals from both PU and SU in two time
slots, and the ND method only considers the received OFDM-
IM signal from the PU in one time slot. Note that the signal
transmitted from the SU is considered as the interference for
the ND method. It should be noted that these two detection s-
trategies have different trade-offs between system performance
and computational complexity, where the CD method offers
the better performance with higher detection complexity and
the ND method achieves the lower detection complexity with
the worse performance. On the other hand, the CD method is
applied when the PU intends to cooperate with the SU, while
the ND method is applied when the PU has no incentive to
cooperate with the SU. For reducing the detection burden of
the optimal maximum-likelihood (ML) detection of the CD
method, we further propose a low-complexity detection, which
approaches the near ML performance. In addition, the union
bound on bit error rate (BER) of the PU in OFDM-IM-CR is
derived under the Rayleigh fading channels. Simulation results
show that the CD method outperforms the ND method in the
entire SNR region. 1

II. PROPOSED OFDM-IM-CR

We consider an OFDM-IM-CR system, which constitutes
one PU denoted by P, one PR denoted by R, one SU denoted
by S and one SR destination denoted by D, as shown in
Fig. 1. The channel gains for PU→PR, PU→SU, SU→PR
and SU→SR links are represented by hPR, hPS, hSR and
hSD, respectively, where the entries of all channel gains are
assumed to follow as CN (0, σ2

PR), CN (0, σ2
PS), CN (0, σ2

SR)
and CN (0, σ2

SD), respectively. Assume that there is no direct
transmission link between the PU (P) and SR destination

1(·)T and (·)H indicate the transpose and Hermitian transpose operations,
respectively. || · || and C(·, ·) denote the Frobenius norm and binomial
operations, respectively. ⌊·⌋ indicates the floor operation. diag{x} stands for
a diagonal matrix whose diagonal elements are drawn from x. CN (0, σ2)
represents the distribution of a circularly symmetric complex Gaussian random
variable with zero mean and variance δ2.
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Fig. 1. Schematic of OFDM-IM-CR with one PU, one PR, one SU and one
SR.

(D) because of the overlong signal propagation distance. The
detailed transmission process is given as follows.

A. First Time Slot

Before transmission, the PU first generates a signal vector
followed the conventional OFDM-IM procedure. Suppose that
n subcarriers are allocated for the PU and k out of n subcarri-
ers are selected to transmit k modulated symbols s = {si}ki=1,
s(i) ∈ SA, where SA denotes the MA-ary constellation set.
Note that N = 2⌊log2 (

n
k)⌋ SAPs exist. The m incoming bits for

the PU are split into two parts as index bits (m1 = ⌊log2
(
n
k

)
⌋)

and modulation bits (m2 = k log2MA).
Denote the u-th SAP as

Iu = {iu(1), . . . , iu(k)}, (1)

where iu(γ) ∈ {1, . . . , n} with 1 ≤ u ≤ N and γ = 1, . . . , k.
If the u-th SAP is chosen by m1 bits, the n× 1 signal vector
for the PU can be written as

xp = [0 s1 · · · sk 0]T . (2)

After generating the signal vector xp, the PU then transmits
it to both PR and SU in the first time slot. At the PR side, the
received signal vector can be expressed as

yp = diag{hPR}xp + np, (3)

where np ∈ Cn×1 denotes an additive white Gaussian noise
(AWGN) vector with zero mean and covariance matrix N0In.

Meanwhile, the SU also receives the signal vector transmit-
ted from the PU, which is given by

yα = diag{hPS}xp + nα, (4)

where nα ∈ Cn×1 is an AWGN vector with zero mean and
covariance matrix N0In. It should be noted that the SU can
detect the SAP of xp (e.g. index bits) with an error probability
Pα so as to generate its own signals r = {rj}n−kj=1 , where
rj ∈ SB , SB denotes the MB-ary constellation set, transmitted
through the idle subcarriers of Ĩu = {lu(1), . . . , lu(n− k)}:

xs = [0 r1 · · · rn−k 0]T . (5)

For illustration purposes, an example with n = 8 and
k = 4 is illustrated in Fig. 1. Assuming that the SAP
Iu = (1, 4, 6, 7) is selected by index bits (m1 bits) and xp for
the PU can be written by incorporating k modulated symbols

s = {s1, s2, s3, s4} as

xp = [s1 0 0 s2 0 s3 s4 0]T . (6)

Accordingly, the transmitted signal vector for the SU is given
by (assuming a correct detection of index bits of xs)

xs = [0 r1 r2 0 r3 0 0 r4]
T . (7)

B. Second Time Slot

In the second time slot, the SU broadcasts xs to the PR and
SR simultaneously. Note that in our scheme, all power for the
SU is used to transmit its own signal and we assume that the
transmit power for each subcarrier is unit at the SU side. At
the PR side, the received signal can be expressed by

ys = diag{hSR}xs + ns, (8)

where ns ∈ Cn×1 is an AWGN vector with zero mean and
covariance matrix N0In. Similarly, the received signal at the
SR destination can be expressed by

yd = diag{hSD}xs + nd, (9)

where nd ∈ Cn×1 is an AWGN vector with zero mean and
covariance matrix N0In.

It is worth noting that the transceiver process between the
SU and SR is only related to the total number of subcarriers
n, the number of active subcarriers n− k and the cardinality
of the signal constellation MB .

C. Detection Methods

Assuming the CSI of hPR, hSR and hSD are perfectly
known at PR and SR sides, we separately derive the detection
methods for the PU and SU in this subsection.

At the PR side, we consider two detection strategies to
estimate the OFDM-IM signal for the PU. The first CD
strategy is to combine two signals from both the PU and SU,
which can be expressed by the optimal ML detector:

[Îu, ŝ] = argmin
x

∥y − diag{h}x∥2, (10)

where y = [yTp ,y
T
s ]
T , h = [hTPR,h

T
SR]

T , and x = [xTp ,x
T
s ]
T .

From (10), we can see that the computational complexity of
the optimal ML detection at the PR side is too large with the
search complexity of order O(NMA

kMB
(n−k)), especially

for large values of n, k or MA. In the following, we propose
an alternative detection method, which largely reduces the
computational complexity and closely approaches the optimal
ML detection. The ML detection in (10) can be expressed by

[Îv, ŝ] = arg min
xp,xs

∑
ψ∈Iv

|yp(ψ)− hpr(ψ)xp(ψ)|2 + |ys(ψ)|2

+
∑
ψ∈Īv

|ys(ψ)− hsr(ψ)xs(ψ)|2 + |yp(ψ)|2
 , (11)

where v ∈ {1, . . . , N}, Īv denotes the complementary set
of Iv , and hpr(ψ), hsr(ψ), xp(ψ) and xs(ψ) denote the ψ-
th element of hPR, hSR, xp and xs, respectively. Accordingly,
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the optimal ML detection in (11) can be rewritten as

[Îv, ŝ] = argmin
Iv

∑
ψ∈Iv

(dψ − eψ) +
∑
ψ∈Īv

(eψ − dψ)



= argmin
Iv

∑
ψ∈Iv

λψ +
∑
ψ∈Īv

−λψ

 , (12)

where dψ = |yp(ψ)−hpr(ψ)x̂p(ψ)|2−|yp(ψ)|2, eψ = |ys(ψ)−
hsr(ψ)x̂s(ψ)|2−|ys(ψ)|2, x̂p(ψ) = argmin

x
|yp(ψ)−hpr(ψ)x|2,

x̂s(ψ) = argmin
x

|ys(ψ)− hsr(ψ)x|2, and λψ = dψ − eψ .

From (12), we can see that the modulated symbols and SAP
are separately detected, which largely reduces the computa-
tional complexity of the ML detection in (11) with the search
complexity of order O(N+k×MA+(n−k)×MB). However,
it can be seen that the global search for estimating the SAP
is needed, which results in high computational complexity,
especially for a large value of n. Therefore, to further reduce
the computational complexity, we propose a low complexity
detection method, which obtains the near ML performance.

It can be seen from (12) that the ψ-th subcarrier is highly
likely to be activated with λψ < 0 while the ψ-th subcarrier
is highly likely to be idle with λψ > 0. In other words, the
smaller the value of λψ is, the more likely ψ-th subcarrier
is to be activated. Therefore, we aim to estimate the SAP by
ranking the values of {λ1, λ2, . . . , λn}.

Let us define Λ = [λ1, λ2, . . . , λn]. We have

[z1, z2, . . . , zn] = sort([λ1, λ2, . . . , λn]), (13)

where sort(·) denotes an ordering function that reorders the
elements of the input vector in ascending order, z1 and zn
represent the positions of the minimal and maximal values in
Λ. The SAP is then estimated by the indices of k smallest
values among Λ:

Îv = sort([z1, z2, . . . , zk]). (14)

After obtaining Îv , the modulated symbols are directly ob-
tained by x̂p(Îv). The total m information bits can be re-
covered by the mode demapper and the signal demodulator.
Compared to the optimal ML detection in (10), the low-
complexity detection only reaches the search complexity of
order O(k×MA+(n−k)×MB), which tremendously reduces
the computational complexity of the ML detection. Specifical-
ly, we measure the computational complexity by the number
of multiplications for the proposed low-complexity detection.
In the proposed low-complexity detection, calculating λψ
requires 6+2(MA+MB) multiplications and hence obtaining
Λ requires 6n+2n(MA+MB) multiplications. Note that the
remaining procedures in (13) and (14) only consider the sort-
ing and comparison operations, which lead to no multiplication
operations. Therefore, the total number of multiplications for
the proposed low-complexity is 6n+ 2n(MA +MB). On the
other hand, the total number of the optimal ML detection in
(10) is 2nNMA

kMB
(n−k). To clearly see the computational

complexity reduction of the proposed low-complexity detec-

TABLE I
MULTIPLICATION COMPARISON OF THE DETECTION METHODS FOR THE

PU IN OFDM-IM-CR.

(n, k,MA,MB) Proposed ML Reduction (%)
(4, 2, 2, 2) 56 512 89.06
(4, 2, 4, 2) 72 2048 96.48
(8, 3, 2, 2) 112 131072 99.91

tion, we perform the multiplication comparison of the two
detection methods in Table I. From Table I, we can see that
the computational complexity is largely reduced, especially for
large values of n, MA or MB .

On the other hand, the second ND strategy for the PU
is applied when the PU has no incentive to cooperate with
the SU and the PR receives the PU’s signal and SU’s signal
(interference) in one time slot, which results in the received
signal:

ỹ = diag{hPR}xp + diag{hSR}x̃s + np, (15)

where x̃s represents the arbitrary OFDM-IM signal vector
depending on the SU. Then, the ND method is given by

[Îu, ŝ] = argmin
xp

∥ỹ − diag{hPR}xp∥2. (16)

It can be seen that the ND method achieves poor performance
due to the ineffaceable interference from the SU, which will
be verified from simulation results in Section IV.

It is worth noting that the signal transmission between the
SU and SR can be considered as the conventional OFDM-IM
processing by only conveying modulation bits. Therefore, the
optimal ML detection for the SU is given by

r̂ = argmin
xs

∥yd − diag{hSD}xs∥2. (17)

From (16) and (17), we can see that those two detection
approaches are the same as that of the conventional OFDM-IM
scheme. Therefore, several low-complexity detection schemes
in [9], [10] for the conventional OFDM-IM scheme can
directly apply to the SU and PU (ND method), which greatly
reduces the computational complexity of the ML detection in
(16) and (17). The readers are referred to [9] and [10] for
more details.

III. PERFORMANCE ANALYSIS

In this section, we analytically derive an upper bound on the
BER of OFDM-IM-CR with the detection scheme in (10) for
the PU. Note that since the transmission between the SU and
SR is the same as the symbol transmission of the conventional
OFDM-IM, the upper bound on the BER for the SU can be
easily obtained as in [2], which will be ignored for brevity.

For convenience, we derive the upper bound on the BER
for the PU based on (10). The error events in detecting the
signal vector (xp) at the SU side can be classified into two
cases: (1) the SU wrongly detects the SAP of xp with the error
probability Pα and (2) the SU correctly detects the SAP of xp
with the probability 1−Pα. Therefore, the end to end bit error
probability (BEP) at the PR side is bounded as follows

P PU
total ≤ PαP

e + (1− Pα)P
c, (18)
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where P e denotes the conditional BEP when the SU wrongly
detects the SAP of xp and P c represents the conditional BEP
when the SU correctly detects the SAP of xp.

Note that Pα indicates the average symbol error probability
(SEP) in detecting the SAP at the SU side, which is bounded
as follows

Pα ≤ 1

2m

∑
x̂p ̸=xp

Pr(xp → x̂p), (19)

where Pr(xp → x̂p) denotes the pairwise error probability
(PEP) of estimating x̂p when xp is transmitted. It is seen from
[8] that the PEP can be calculated by

Pr(xp →x̂p) = EhPS

Q
√∥hPS(xp − x̂p)∥2

2Nα


=

1/12

det (In + q1KA)
+

1/4

det (In + q2KA)
, (20)

where Q(·) represents the Gaussian Q-function, In is an n×n
identity matrix, A = diag{xp − x̂p}Hdiag {xp − x̂p}, K =
E{hPSh

H
PS} is the covariance matrix of hPS, q1 = 1/ (4Nα)

and q2 = 1/ (3Nα). Substituting (20) into (19), the SEP Pα
for which a bound can be expressed by

Pα≤
1

2m

∑
x̂P ̸=xP

1/12

det (In + q1KA)
+

1/4

det (In + q2KA)
. (21)

We then derive P e and P c for Cases 1 and 2, respective-
ly. For Case 1, the SAP of xp is not the correspondingly
complementary pattern with the SAP of xs due to the wrong
detection on SAP at the SU side. For example with n = 4,
assume that xp = [s1 0 s2 0]T with Iu = [1, 3], the
SU wrongly estimates Iu as Îu = [1, 4], which results in
xs = [0 r1 r2 0]T with Ĩu = [2, 3]. However, the PR
always detects x under the assumption that the SU correctly
estimates the SAP of xp. Therefore, it can be concluded that
it is more likely to occur error detections at the PR side for
Case 1. For simplicity with Case 1, we define the possible
candidate vector for x as θ1 and P e for which a bound can
be obtained by

P e ≤ 1

m2m

∑
x̸̂=x,x∈θ1

N(xp → x̂p)

×

(
1/12

det
(
In + q

′
1K1B

) + 1/4

det
(
In + q

′
2K1B

)) , (22)

where N(xp → x̂p) denotes the number of bits in error
between xp and x̂p, B = diag{x− x̂}Hdiag {x− x̂}, K1 =
E{HHH} is the covariance matrix of H, q

′

1 = 1/ (4N0) and
q
′

2 = 1/ (3N0).

For Case 2, the SAP of xp is the correspondingly comple-
mentary pattern with the SAP of xs due to the correct detection
on SAP at the SU side. We then set the possible candidate
vectors for x in Case 2 as θ2. In this case, we have

P c ≤ 1

m2m

∑
x̸̂=x,x∈θ2

N(xp → x̂p)
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Fig. 2. BER performance comparison for PU with CD and ND under the
same spectral efficiency.

×

(
1/12

det
(
In + q

′
1K1B

) + 1/4

det
(
In + q

′
2K1B

)) . (23)

Substituting (21), (22) and (23) into (18), a close-form
bound on the BER for the PU is finally obtained.

IV. SIMULATION RESULTS

In this section, we present computer simulation results for
the evaluation of the BER performance of OFDM-IM-CR
under Rayleigh fading channels. For the sake of simplicity, we
denote “IM-CR (n, k1, k2), (MAPSK/QAM, MBPSK/QAM)”
as the OFDM-IM-CR scheme with n subcarriers and k1
active subcarriers with MA-ary PSK/QAM constellations for
the PU, and k2 active subcarriers with MB-ary PSK/QAM
constellations for the SU.

In Fig. 2, we compare the BER performance of the PU
using both the CD and ND methods between “IM-CR (4,
2, 2), (8PSK, BPSK)” with the CD and “IM-CR (4, 2, 2),
(BPSK, BPSK)” with the ND both at an SE of 1bps/Hz. It
can be seen that the CD method outperforms the ND method
for OFDM-IM-CR in the entire SNR region, which demon-
strates the trade-off between performance and computational
complexity for two detection methods. Specifically, the CD
method performs significantly better than the ND method
above SNR= 20dB due to the error floor of the ND method.
Similar results can be found for “IM-CR (8, 2, 6), (16PSK,
BPSK)” with the CD and “IM-CR (8, 2, 2), (BPSK, BPSK)”
with the ND both at an SE of 0.75bps/Hz. In this case, the CD
method still obtains better performance than the ND method,
especially at high SNR (SNR>20dB).

In Fig. 3, we compare the BER performance of the
PU using both the CD and ND methods with different S-
Es for “IM-CR (4, 3, 1), (8PSK, 16PSK)” with the CD
(SE=1.375bps/Hz), “IM-CR (4, 3, 1), (BPSK, QPSK)” with
the ND (SE=1.25bps/Hz), “IM-CR (8, 3, 5), (16PSK, BPSK)”
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Fig. 4. Performance of the low-complexity detection for the PU in OFDM-
IM-CR.

with the CD (SE=1.0625bps/Hz) and “IM-CR (8, 3, 1), (BP-
SK, QPSK)” with the ND (SE=1bps/Hz). From Fig. 3, we
can see that “IM-CR (4, 3, 1), (8PSK, 16PSK)” with the CD
and 1.375bps/Hz achieves better performance than “IM-CR
(4, 3, 1), (BPSK, QPSK)” with the ND and 1.25bps/Hz in the
entire SNR region. On the other hand, to match the SE of
1bps/Hz for IM-CR (8, 3, 1), (BPSK, QPSK) with the ND,
16PSK is adopted for the PU to compose “IM-CR (8, 3, 5),
(16PSK, BPSK)” with the CD and 1.0625bps/Hz. Because of
the worse performance of 16PSK, it can be seen that the CD
method is inferior to the ND method in the low-to-medium
SNR region. However, as SNR increases (SNR>23dB), the
CD method outperforms the ND method with a better BER
performance. It should be noted that OFDM-IM-CR with the
CD with a greater SE still obtains a lower BER performance

than OFDM-IM-CR with the ND in Fig. 3.
Fig. 4 presents the performance comparison results of the

PU between the optimal ML detection and the proposed low-
complexity detection for “IM-CR (4, 1, 3), (16PSK, BPSK)”,
“IM-CR (4, 2, 2), (QPSK, BPSK)” and “IM-CR (8, 2, 6),
(BPSK, BPSK)”. We can see that all curves of the low-
complexity near-ML detection for the PU in OFDM-IM-CR
are almost overlapped with that of the optimal ML detection in
the entire SNR region, which validates the analysis of the low
complexity detection presented in Section II. C. It should be
noted that only slight performance loss exists between the low
complexity and optimal ML detections in the low SNR region,
e.g., SNR<10dB, which is due to the incorrect estimation of
SAP with a nonnegligible noise. In addition, as can be seen
from Fig. 3 that the theoretical curves of the upper bound well
match the simulation results for all OFDM-IM-CR schemes in
the high SNR region, which validates our performance analysis
for the PU presented in Section III.

V. CONCLUSIONS

In this paper, we have proposed the OFDM-IM-CR scheme
to explore the potential of utilizing the idle subcarriers in
OFDM-IM. In OFDM-IM-CR, the PU transmits its signal
to the PR and the SU conveys its own signal through idle
subcarriers. Two different detection strategies, named the CD
and ND methods, have been proposed and the near-ML low-
complexity detection has also been proposed to relieve the
detection burden for the PU. In addition, we have presented
an analysis for BER performance evaluation for the PU. Sim-
ulation results have shown that the CD method outperforms
the ND method for OFDM-IM-CR in the high SNR region,
which reveals the trade-off between the system performance
and complexity.
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