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Joint-Mapping Orthogonal Frequency Division Multiplexing with

Subcarrier Number Modulation

Miaowen Wen, Senior Member, IEEE, Jun Li, Member, IEEE, Shuping Dang, Member, IEEE,
Qiang Li, Member, IEEE, Shahid Mumtaz, Senior Member, IEEE and Huseyin Arslan, Fellow, IEEE

Abstract—Orthogonal frequency division multiplexing with
subcarrier number modulation (OFDM-SNM) has been recently
proposed to improve the spectral efficiency (SE) of the traditional
OFDM system. In this paper, we propose a joint-mapping OFDM-
SNM (JM-OFDM-SNM) scheme to transmit the signal vector
with a constant length of information bits by jointly considering
the subcarrier activation patterns and constellation symbols. A
low-complexity detection scheme based on log-likelihood ratio
criterion is proposed to relieve the high computational com-
plexity of the maximum-likelihood detection at the cost of a
negligible performance loss. Upper-bounded bit error rate (BER)
and lower-bounded achievable rate are both derived in closed-
form to evaluate the performance of JM-OFDM-SNM. To suit
different application scenarios, we further propose two enhanced
schemes, named adaptive JM-OFDM-SNM (AJM-OFDM-SNM)
and JM-OFDM with in-phase/quadrature SNM (JM-OFDM-IQ-
SNM), where the former adjusts the constellation orders for
different numbers of active subcarriers, and the latter extends the
indexing to in-phase and quadrature domains. Simulation results
corroborate the tightness of the derived BER expression in the
high signal-to-noise ratio region and show that (A)JM-OFDM-
SNM improves the performance of OFDM-SNM, while both
AJM-OFDM-SNM and JM-OFDM-IQ-SNM schemes perform
better than JM-OFDM-SNM at the same SE.

Index Terms—Orthogonal frequency division multiplexing
(OFDM), subcarrier number modulation, bit error rate (BER),
joint mapping, low-complexity detection.

I. INTRODUCTION

INDEX modulation (IM) is a class of modulation techniques

that enjoy high spectral efficiency (SE) and energy efficien-

cy (EE) [1]–[4]. In IM, the index(es) of the patterns, such as
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active transmit antennas, receive antennas, time slots, orthogo-

nal frequency division multiplexing (OFDM) subcarriers, and

spreading codes, are encoded by extra information bits for

transmission [5]–[7].

The IM concept was first applied to the space domain,

generating spatial modulation (SM) [8]. Unlike the conven-

tional multiple-input multiple-output (MIMO) schemes, the

information bits of SM are divided into index bits and modula-

tion bits, where the former determine a single active transmit

antenna, and the latter generate a modulated symbol to be

transmitted via it. SM has many benefits due to the activation

of only a single transmit antenna, including high EE, free

inter-channel interference, and free synchronization. Soon after

SM, space shift keying (SSK) was proposed as a special

case of SM by transmitting the index of the active transmit

antenna only [9]. Although SM and SSK have high EE, their

SEs are relatively low compared to that of MIMO schemes.

Therefore, generalized SM (GSM) [10], [11] and generalized

SSK (GSSK) [12] were proposed to improve the SEs of

SM and SSK systems, respectively, which allow activating

multiple transmit antennas. In [13], quadrature SM (QSM) was

proposed as another means to increase the SE of SM systems

by extending the indexing to the in-phase and quadrature (IQ)

domains. As a different way to realize IM in the space domain,

antenna number modulation (ANM) was proposed in [14]

to convey the index bits by changing the number of active

transmit antennas, which shows better performance than SM.

It is worth noting that only the indices of transmit antennas

are used in the aforementioned studies. Contrarily, the indices

of receive antennas were first used to convey index bits by so-

called precoding SM (PSM) in [15]. In virtue of the pre-coding

technique, PSM can outperform SM. Because of this, several

works related to PSM have been proposed [16]–[18]. In [16],

generalised PSM (GPSM) was proposed to increase the SE

of PSM systems by activating multiple receive antennas. The

performance of the multi-stream GPSM scheme was analyzed

in [17]. To further increase the SE, generalised pre-coding

QSM (GPQSM) was proposed to merge GPSM with QSM

in [18].

In parallel with the fast development of IM in the space

domain, the IM concept has been also actively applied to the

frequency domain. In [19], OFDM with IM (OFDM-IM) was

proposed to transmit the subcarrier activation pattern (SAP)

as well as the modulated symbols via the active subcarriers.

It was shown that OFDM-IM has the potential to outperform

the conventional OFDM scheme. Attracted by the merits of

OFDM-IM, a number of researchers have been engaged to

unlock the potential of OFDM-IM. The interleaved subcarrier

grouping method was proposed for OFDM-IM systems to
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harvest the frequency diversity [20], [21]. Enhanced OFDM-

IM was proposed to enhance the bit error rate (BER) perfor-

mance of OFDM-IM systems by extending the indexing to

in-phase/quadrature domains (similar to QSM) [22]. A special

constellation design was proposed in [23] by activating all

SAPs for transmission. To increase the SE of OFDM-IM

systems, a generalized OFDM-IM scheme was proposed to

enlarge the number of index bits in [24]. For the same purpose,

the authors of [25] proposed a layered OFDM-IM scheme by

selecting SAPs via multiple layers, and OFDM-IM was even

combined with MIMO [26]. All above-mentioned OFDM-

IM related schemes only activate a fraction of subcarriers at

each OFDM symbol duration, which wastes the frequency

resource and limits the increase of SE. In order to break

this limit, dual-mode IM aided OFDM (DM-IM-OFDM) and

its generalization were proposed to utilize both selected and

unselected subcarriers to transmit modulated symbols [27],

[28]. Moreover, the authors of [29] and [30] also designed

multiple-mode (MM-)OFDM-IM and its generalization to

transmit modulated symbols via a full set of subcarriers. While

DM-IM-OFDM maps index bits to the indices of selected

subcarriers, MM-OFDM-IM encodes the full permutation of

multiple distinguishable constellations. On the other hand,

OFDM with subcarrier power modulation (OFDM-SPM) was

proposed to convey index bits via different powers of all

subcarriers [31], [32]. Except for improving the SE, the design

of low-complexity detectors is also critical for OFDM-IM

family [33]–[35].

Despite many advantages, OFDM-IM and its variants men-

tioned above still have some deficiencies. For example, they

transmit their own signal through a fixed number of active

subcarriers, which has not fully exploited the SE advantage

of IM. Furthermore, the mapping between index bits and

SAP becomes very complex when the number of subcarriers

goes large. To solve these problems, OFDM with subcarrier

number modulation (OFDM-SNM) was proposed to convey

index bits via the number of subcarriers [36]–[38]. In OFDM-

SNM, the number of active subcarriers is no longer fixed,

achieving a higher SE than OFDM-IM under certain condi-

tions. Nevertheless, the length of information bits of OFDM-

SNM is varied depending on the number of active subcarriers,

which may lead to error propagation, and make the scheduling

and resource allocation challenging. To solve the underlying

problems of OFDM-SNM, in this paper we propose a joint-

mapping (JM-)OFDM-SNM to generate a constant length

of information bits for each transmission. In JM-OFDM-

SNM, the transmitted vectors are generated by considering all

possible SAPs and corresponding modulated symbols. Then,

a bijective mapping is implemented based on the information

bits. A low-complexity near-optimal detection method based

on log-likelihood ratio (LLR) criterion is proposed to relieve

the high detection load of the optimal maximum-likelihood

(ML) detection. Theoretical analysis for upper bounded BER

and lower bounded achievable rate of JM-OFDM-SNM sys-

tems is also performed, both of which are derived in closed-

form. Noticing that the number of transmitted vectors for JM-

OFDM-SNM is not always a power of two, and a portion of

transmitted vectors are unused, which affects the transmission
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Fig. 1. System model of OFDM-SNM.

rate and BER performance of JM-OFDM-SNM, we further

propose two enhanced JM-OFDM-SNM schemes as possible

remedies. The first one is called adaptive JM-OFDM-SNM

(AJM-OFDM-SNM), which selects the modulated symbols

from different signal constellations for different numbers of

active subcarriers. By properly adjusting the constellation

sizes, AJM-OFDM-SNM obtains a better BER performance

and a higher transmission rate than JM-OFDM-SNM. The

second one is called JM-OFDM with in-phase/quadrature

SNM (JM-OFDM-IQ-SNM), which extends the indexing to

the IQ domains. Due to the domain extension, JM-OFDM-

IQ-SNM generates more transmitted vectors than JM-OFDM-

SNM, and hence a higher transmission rate. Simulation results

corroborate the tightness of the derived BER upper bound

at high signal-to-noise ratio (SNR), and show that (A)JM-

OFDM-SNM obtains a better BER performance than OFDM-

SNM and conventional OFDM at the same transmission rate.

Moreover, both proposed enhanced schemes achieve better

BER performance than JM-OFDM-SNM.

The rest of this paper is organized as follows. In Section II,

we introduce the conventional OFDM-SNM scheme. The pro-

posed JM-OFDM-SNM scheme as well as its low-complexity

LLR detection method are proposed in Section III. The BER

and achievable rate of JM-OFDM-SNM are analyzed in Sec-

tion IV. Section V proposes the two enhanced JM-OFDM-

SNM schemes, namely AJM-OFDM-SNM and JM-OFDM-

IQ-SNM. Simulation results are presented and discussed in

Section VI. Finally, this paper is concluded in Section VII.

Notations: Upper and lower case boldface letters denote

matrices and column vectors, respectively. The complex num-

ber field is represented by C. (·)T and (·)H represent the

transpose and Hermitian transpose operations, respectively. IM
is an M × M identity matrix. E{·} denotes the expectation

operation. || · || denotes the Frobenius norm. C(·, ·) represent

the binomial operation. Q(·) denotes the Gaussian Q-function.

rank{·} indicates the rank of the argument. diag{x} denotes

a diagonal matrix whose diagonal elements are drawn from x.

det{·} represents the determinant. The probability of an event

is denoted by Pr(·). ⌊·⌋ indicates the floor operation. max(·, ·)
denotes the maximum operation of two arguments.

II. CONVENTIONAL OFDM-SNM SCHEME REVISITED

The system model of OFDM-SNM with totally N subcar-

riers is depicted in Fig. 1. In OFDM-SNM, p input bits are

split into two parts, i.e., index bits (p1 bits) determining a

certain number of active subcarriers, and modulation bits (p2
bits) generating M -ary phase shift keying (PSK) or quadrature

amplitude modulation (QAM) symbols. In mathematical rep-

resentation, the first part of p1 = log2(N) bits selects one out

of N SAPs I = [1, . . . , 1, 0, . . . , 0] with l(∈ {1, . . . , N}) ones
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based on a certain mapping rule (e.g., see Table I with N = 4),

indicating that the first l subcarriers are activated. The second

part of p2 = l log2(M) bits generates l modulated symbols

s = [s1, s2, . . . , sl], where sα ∈ S with α ∈ {1, . . . , l} and S
denoting the M -ary constellation. It is worth noting that the

length of modulation bits p2 is varied due to the variable value

of l. Therefore, the length of input bits p = p1 + p2 is also

varied. The average transmission rate of OFDM-SNM in bit

per channel use (bpcu), can be calculated by

r̄SNM = log2(N) +
1 +N

2
log2(M). (1)

After obtaining I and s, the OFDM transmitted vector x in

the frequency domain can be expressed as

x = [s1, s2, . . . , sl, 0, . . . , 0]
T . (2)

TABLE I
MAPPING TABLE OF OFDM-SNM WITH N = 4 AND p1 = 2.

l p1 SAP I l p1 SAP I

1 00 [1, 0, 0, 0] 2 01 [1, 1, 0, 0]

3 10 [1, 1, 1, 0] 4 11 [1, 1, 1, 1]

For clarity and illustration purposes, we give an example for

OFDM-SNM with N = 4 and BPSK (M = 2). Assume a case

that the input bits are (0110). Based on Table I, the first two

bits (01) select the SAP I = [1, 1, 0, 0] with l = 2. The second

two bits (10) generate modulated symbols s = [+1,−1].
Therefore, the OFDM transmitted vector can be expressed by

x = [+1,−1, 0, 0]T . Let us see another case in which the input

bits become (10110). Similarly, the first two bits (10) select the

SAP I = [1, 1, 1, 0] with l = 3, and the second three bits (110)

generate modulated symbols s = [+1,+1,−1]. The OFDM

transmitted vector is then given by x = [+1,+1,−1, 0]T . It is

clear from above two cases that although OFDM-SNM has the

same length of index bits (p1 = 2), the lengths of modulation

bits are different (one is 2 and the other is 3) due to different

SAPs with different numbers of active subcarriers, resulting

in different lengths of the input bits.

Having the OFDM transmitted vector x, the N -point inverse

fast Fourier transform (IFFT) is applied to generate the time-

domain OFDM signal as

X = [X1, X2, . . . , XN ]T . (3)

Finally, the OFDM signal is transmitted to the receiver side

after appending the cyclic prefix (CP) to the beginning of X

and parallel to serial (P/S) conversion.

III. PROPOSED JM-OFDM-SNM SCHEME

OFDM-SNM has a variable length of input bits, which may

incur error propagation. To solve this problem, we propose

JM-OFDM-SNM, which maintains a constant length of input

bits.

A. Working Principle

In JM-OFDM-SNM, V subcarriers are allowed to be ac-

tivated with V ∈ {1, . . . , N}. Similar to OFDM-SNM, the

number of active subcarriers is varied. However, unlike the

mapping strategy that relates the SAP with the index bits only

in OFDM-SNM, JM-OFDM-SNM performs a joint mapping

between the input bits and the transmitted vectors. In JM-

OFDM-SNM, there are totally NT =
∑V

v=1 C(N, v) SAPs.

For each SAP I = [i1, . . . , iv], v subcarriers are active, such

that v modulated symbols s = [s1, . . . , sv] can be transmitted

via them. Considering all candidates for v subcarriers and

modulated symbols, the number of all possible transmitted

vectors can be calculated as

NA =
V
∑

v=1

C(N, v)Mv. (4)

Since the total number of transmitted vectors NA is fixed, a

constant length of input bits (m bits) for JM-OFDM-SNM can

be obtained by a bijective mapping between input bits and NA

transmitted vectors, which results in an SE of

r̄JM = m = ⌊log2(NA)⌋. (5)

Note that NA may not be a power of two, and in such

cases only F = 2⌊log2
(NA)⌋ transmitted vectors are used for

transmission.

Similarly, the OFDM transmitted vector for JM-OFDM-

SNM in the frequency domain can be obtained by combining

I and s as

xk = [0, . . . , s1, . . . , 0, . . . , s2, . . . , 0, . . . , sv, . . . , 0]
T , (6)

where k ∈ {1, . . . , F}.

TABLE II
MAPPING TABLE OF JM-OFDM-SNM WITH N = 4, V = 3 AND BPSK.

v k Input Bits xk

1 1 000000 [−1, 0, 0, 0]T

1 2 000001 [+1, 0, 0, 0]T

...
...

...
...

2 31 011110 [0, 0,+1,−1]T

2 32 011111 [0, 0,+1,+1]T

...
...

...
...

3 63 111110 [0,+1,+1,−1]T

3 64 111111 [0,+1,+1,+1]T

We provide an example of JM-OFDM-SNM for illustration

with N = 4, V = 3, and BPSK. In this case, there are

totally NA =
∑3

v=1 C(4, v)2v = 64 possible transmitted

vectors, which lead to totally 6 input bits (m = 6). The

corresponding mapping table is given in Table II. From

Table II, the transmitted vector xk can be directly obtained

by certain input bits. For instance, assume the input bits are

(011110) with k = 31. The corresponding transmitted vector

is given by x31 = [0, 0,+1,−1]T . However, if the input

bits are (000001) with k = 2, the transmitted vector is then

obtained as x2 = [+1, 0, 0, 0]T .

Compared with the conventional OFDM-SNM, JM-OFDM-

SNM achieves a constant length of input bits, which avoids
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the error propagation. Moreover, not all subcarriers need to be

activated for transmission by JM-OFDM-SNM, which saves

the transmit power. However, compared with the conventional

OFDM-SNM scheme, the size of mapping table for JM-

OFDM-SNM is relatively larger, which might lead to high

search or detection complexity.

The subsequent process is the same as that of the conven-

tional OFDM scheme. First, the N -point IFFT is applied to xk,

resulting in time-domain signal Xk = [Xk
1 , X

k
2 , . . . , X

k
N ]T .

Then, it is transmitted to the receiver after CP insertion and

P/S conversion.

At the receiver, the frequency-domain received signal vector

can be expressed by

y =
1√
v̄
Hxk + n, (7)

where H = diag{h} = diag{[h1, h2, . . . , hN ]T } denotes the

channel coefficient matrix whose entries follow the complex

Gaussian distribution with zero mean and unit variance; v̄
denotes the average number of active subcarriers; n represents

the additive white Gaussian noise (AWGN) vector with zero

mean and variance N0. The transmitted signal can be estimated

by employing the optimal ML detection

x̂k =argmin
ẋk

∥y − 1√
v̄
Hẋk∥2. (8)

It can be seen from (8) that the optimal ML detection requires

an exhaustive search over all possible candidates for the

transmitted vector xk, which results in high computational

complexity, especially for large values of N , V , or M .

B. Low-Complexity Detection

In this subsection, we propose an LLR detection method,

which largely reduces the computational complexity. The LLR

metric can be formulated as

L(α) = ln
Pr(Aα|y(α))
Pr(Āα|y(α))

= ln
Pr(Aα)f(y(α)|Aα)

Pr(Āα)f(y(α)|Āα)
, (9)

where y(α) stands for the αth element of y, Aα denotes

the event that the αth subcarrier is active of probability

Pr(Aα) = 1
NT

∑V
v=1 vC(N, v) with T =

∑V
v=1 C(N, v),

and Āα represents the complementary event of Aα with

Pr(Āα) = 1 − Pr(Aα). The conditional probability density

function (PDF) f(y(α)|Aα) can be explicitly expressed in

(10), shown at the top of the next page. In (10), we have

adopted an estimation of the PDF when considering the αth

subcarrier to be active. In fact, the exact PDF should take

into account the appearance probability of each constellation

point. However, to reduce the computational complexity we

only keep the constellation point ŝ(α) that is associated with

the minimum Euclidean distance.

After calculating all values of L(α), α = 1, . . . , N , we

obtain the LLR vector

L = [L(1), . . . , L(N)],

and the correspondingly estimated modulated symbols ŝ =
[ŝ1, . . . , ŝN ]. It can be seen from (9) that the αth subcarrier

is more likely to be activated with a larger value of L(α). In

order to figure out the possible number and the corresponding

indices of active subcarriers, we first sort the values of L as

[z1, . . . , zN ] = sort([L(1), . . . , L(N)]), where sort(·) denotes

the ordering function that reorders the elements in descending

order, and z1 (zN ) denotes the position of the maximum

(minimum) value in L. Therefore, the V possible SAPs can

be estimated as

Î1 = [z1], Î2 = [z1, z2], . . . , ÎV = [z1, . . . , zV ], (11)

where Îv indicates the estimated SAP for activating v subcar-

riers with v ∈ {1, . . . , V }. To find the final estimate of SAP

(or the number of active subcarriers v), we need to further

compare the Euclidean distances of all V possible SAPs as

follows:

v̂ = argmin
{Îv}V

v=1
,s

∥y − 1√
v̄
Hx

′

v∥2, (12)

where x
′

v = [0, . . . , ŝ1, . . . , 0, . . . , ŝv, . . . , 0]
T with the non-

zero elements in the positions of Îv . After obtaining v̂, the

estimated signal vector x̂ can be directly constructed by Îv̂ and

ŝ. Finally, the information bits are extracted by demapping x̂.

IV. PERFORMANCE ANALYSIS AND DESIGN GUIDELINES

A. BER Upper Bound

In this subsection, we theoretically deduce an upper bound

on the BER of JM-OFDM-SNM, assuming perfect channel

state information at the receiver.

The detection error comes from the SAP detection and/or

symbol detection, which leads to BER of

Pe ≈
1

2
PI +

bPb

m
(1− PI), (13)

where b is the average number of modulation bits with

b = log2(M)

∑V
v=1 vC(N, v)

∑V
v=1 C(N, v)

, (14)

and PI denotes the error probability of detecting the SAP

I , which can be derived according to the union bounding

technique as [40]

PI ≤ 1

F

∑

xk

∑

x̂k,I ̸=Î

Pr {xk → x̂k} , (15)

with Pr {xk → x̂k} representing the unconditional pairwise

error probability (PEP). In order to obtain Pr {xk → x̂k}, we

first calculate the conditional PEP on H, which is given by

Pr {xk → x̂k|H} = Pr

{

∥

∥

∥

∥

y − Hxk√
v̄

∥

∥

∥

∥

2

>

∥

∥

∥

∥

y − Hx̂k√
v̄

∥

∥

∥

∥

2
}

= Q





√

∥H(x
′

k − x̂
′

k)∥2
2N0



 , (16)

where x
′

k = xk/
√
v̄ and x̂

′

k = x̂k/
√
v̄. Applying the Q-

function approximation [39]

Q(x) ∼= 1

12
e−

x
2

2 +
1

4
e−

2x
2

3 , (17)



IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. XX, NO. XX, MARCH 2021 5

f(y(α)|Aα) =

{

1
πN0

exp(− 1
N0

|y(α)− 1√
v̄
hαŝ(α)|2), if the αth subcarrier is active,

1
πN0

exp(− 1
N0

|y(α)|2), if the αth subcarrier is inactive.
(10)

the unconditional PEP can be approximated as

Pr{xk → x̂k} = EH {Pr {xk → x̂k|H}}

=
1/12

det(IN + q1KA)
+

1/4

det(IN + q2KA)
, (18)

where A = diag{x′

k − x̂
′

k}
H
diag{x′

k− x̂
′

k}; K = E{HHH}
is the covariance matrix of H; q1 = 1/ (4N0) and q2 =
1/ (3N0). Substituting (18) into (15), an upper bound of PI

can be obtained.

On the other hand, Pb denotes error probability of symbol

detection, which is given by [41]

Pb
∼= 2

max (log2 (M) , 2)

max(M/4,1)
∑

i=1

1

2

×






1−

√

√

√

√

√

sin2
(

(2i−1)π
M

)

v̄N0 + sin2
(

(2i−1)π
M

)






, for PSK, (19)

and

Pb =
1

log2(
√
M)

log
2
(
√
M)

∑

m=1

Pb (m), for QAM, (20)

where

Pb (t) =
2√
M

(1−2−t)
√
M−1

∑

i=0

× {(−1)

⌊

i·2t−1
√

M

⌋
(

2t−1 −
⌊

i · 2t−1

√
M

+
1

2

⌋)

p(i)}, (21)

with

p(i) =
1

2






1−

√

√

√

√

√

3(2i+1)2

2(M−1)v̄N0

1 + 3(2i+1)2

2(M−1)v̄N0






. (22)

B. Guidelines for Transmitted Vector Selection

When NA is not a power of two, which is the general case,

only F = 2⌊log2
(NA)⌋ transmitted vectors are used for JM-

OFDM-SNM, which implies that a different selection of F
transmitted vectors may affect the system performance. There-

fore, we provide a guideline for transmitted vector selection

in this subsection.

First, we should consider the complexity of mapping be-

tween information bits and selected combination vectors. If

the number of all transmitted vectors NA is small, it is easy

to optimally select F transmitted vectors and build the map-

ping between information bits and the optimal F transmitted

vectors via a well-designed look-up table. However, it is very

difficult to optimally select F transmitted vectors if NA goes

large. Furthermore, it is also very difficult to build the map-

ping between the information bits and F transmitted vectors.

Therefore, to facilitate the mapping between the information

bits and the selected combination vectors, we assume that the

latter are determined from the consecutive F vectors among

all NA transmitted vectors.

We can see from (13) that Pe is dominated by Pb and PI .

While Pb is only related to M and v̄, which is not affected

by different combinations of possible transmitted vectors, it

can be inferred from (15) and (18) that different combinations

of transmitted vectors affect A (or PI ), and hence the BER

Pe. To further figure out the effect of different combinations

of possible transmitted vectors, we provide an asymptotic

analysis of PI at high SNR in the sequel.

It can be seen from (18) that A is a diagonal matrix with d
nonzero eigenvalues λ1, λ2, . . . , λd. Note that K becomes an

identity matrix with sufficiently deep interleaving. Therefore,

the unconditional PEP can be rewritten as

Pr(xα → x̂α) ≃
1/12

d
∏

t=1
(1 + q1λt)

+
1/4

d
∏

t=1
(1 + q1λt)

. (23)

Assuming a rich scattering environment, (23) can be approx-

imated at high SNR as

Pr(xα → x̂α) ≃
(

12qd1

d
∏

t=1

λt

)−1

+

(

4qd2

d
∏

t=1

λt

)−1

, (24)

with d = min rank{A} = 1. It can be seen from (15) and (24)

that PI is smaller if the selected transmitted vector set contains

a small number of any vector pair with rank{A} = 1. In

other words, the selected transmitted vector set leads to better

performance with fewer cases satisfying “rank{A} = 1” by

considering all transmitted vectors. In our paper, we select F
transmitted vectors containing the smallest number of vector

pairs with rank{A} = 1.
C. Achievable Rate

We derive the achievable rate of the proposed JM-OFDM-

SNM system according to the definition of mutual information

between y and x, which is given by [21]

r =
1

N
I (x;y) =

1

N
(H(x)−H(x|y))

=
v̄

N
− 1

N
Eh [H(x|y,h)] . (25)

The conditional PDF of y on x and h is given by

f(y|x,h) = 1

(πN0)N
exp(||y − 1√

v̄
diag{h}x||2), (26)

and that on h is

f(y|h) = 1

F

F
∑

ς=1

f(y|xς ,h), (27)

where xς denotes the ς-th observation of x. After carefully

scrutinizing (26) and (27), we find no closed-form for (25).
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Therefore, we resort to the lower-bounded technique proposed

in [21] to obtain a lower bound on the achievable rate as

r ≥ v̄

N
−(log2(e)− 1)

− 1

NF

F
∑

ϖ=1

(

log2

F
∑

η=1

1

det(IN + Ξϖ,η)

)

, (28)

where Ξϖ,η = 1
2N0

diag{xϖ − xη}Hdiag{xϖ − xη}.

V. ENHANCED JM-OFDM-SNM

As can be seen from (4), the total number of all possible

transmitted vectors NA in JM-OFDM-SNM is usually not a

power of two. Therefore, NA−F transmitted vectors would be

discarded for modulation purposes, which leads to a vast waste

of subcarrier resources and limits the transmission rate. In this

section, we propose two enhanced JM-OFDM-SNM schemes,

namely AJM-OFDM-SNM and JM-OFDM-IQ-SNM, to im-

prove the transmission rate and BER performance of JM-

OFDM-SNM, respectively.

A. AJM-OFDM-SNM

The AJM-OFDM-SNM scheme adaptively generates the

modulated symbols from different constellations for different

numbers of activated subcarriers (v). Specifically, in order to

make full use of all NA transmitted vectors, we can adapt the

cardinality of the constellation for each v so as to achieve a

higher transmission rate or a lower BER, which results in a

total number of transmitted vectors

N̄A =

V
∑

v=1

C(N, v)(Mv)
v, (29)

where Mv denotes the cardinality of the constellation used for

the SAP with v active subcarriers. Note that JM-OFDM-SNM

can be considered as a special case of AJM-OFDM-SNM with

M1 = M2 = · · · = MV . Obviously, the transmission rate of

AJM-OFDM-SNM is given by

r̄AJM = m̄ = ⌊log2(N̄A)⌋. (30)

TABLE III
TRANSMISSION RATE COMPARISON FOR AJM-OFDM-SNM WITH

N = 4.

V Symbol Mode NA F Rate

2 [QPSK, QPSK] 112 64 1.5

2 [BPSK, QPSK] 104 64 1.5

2 [16PSK, BPSK] 88 64 1.5

2 [16PSK, QPSK] 170 128 1.75

2 [8PSK, QPSK] 128 128 1.75

3 [QPSK, QPSK, QPSK] 368 256 2

3 [BPSK, QPSK, BPSK] 136 128 1.75

3 [BPSK, BPSK, QPSK] 288 256 2

3 [BPSK, 8PSK, QPSK] 648 512 2.25

For illustration purposes, we provide an example for AJM-

OFDM-SNM with N = 4 in Table III. Let us take a look

at the case with N = 4 and V = 2. For demonstrative

simplicity, we use [MPSK, MPSK] to represent the JM-

OFDM-SNM scheme with V = 2 and MPSK modulation,

while [M1PSK, M2PSK] to represent the AJM-OFDM-SNM

scheme with V = 2 and two different modulation orders M1

and M2 (e.g., BPSK for v = 1 and QPSK for v = 2). To be

specific, JM-OFDM-SNM with [QPSK, QPSK] obtains 112

possible transmitted vectors and only 64 transmitted vectors

are selected to achieve 1.5 bpcu. Obviously, 48 transmitted

vectors are unused and thereby wasted by [QPSK, QPSK].

For AJM-OFDM-SNM with [BPSK, QPSK], 104 transmitted

vectors are generated, which still achieves 1.5 bpcu. Compared

to JM-OFDM-SNM with [QPSK, QPSK], AJM-OFDM-SNM

with [BPSK, QPSK] reduces 6 redundant transmitted vectors,

which may improve the BER performance. To further reduce

the redundancy of transmitted vectors, AJM-OFDM-SNM

with [16PSK, BPSK] is set to have 88 possible transmitted

vectors with a transmission rate of 1.5 bpcu. On the other hand,

in order to increase the transmission rate, the AJM-OFDM-

SNM schemes with [16PSK, QPSK] and [8PSK, BPSK] are

proposed to achieve a transmission rate of 1.75 bpcu, which

obtain a 1 bpcu increase compared to the JM-OFDM-SNM

with [QPSK, QPSK]. To further validate the flexibility of

AJM-OFDM-SNM, we investigate more situations for AJM-

OFDM-SNM with N = 4 and V = 3. From Table III, we

can see that JM-OFDM-SNM with [QPSK, QPSK, QPSK]

only utilizes 256 out of totally 368 transmitted vectors to

achieve a transmission rate of 2 bpcu, which throws 112
available transmitted vectors away. To save the SAP resource,

we can employ either AJM-OFDM-SNM with [BPSK, QPSK,

BPSK] or [BPSK, BPSK, QPSK] to produce 136 or 288
transmitted vectors, respectively, which reduces the redundant

transmitted vectors with a transmission rate of 1.75 or 2 bpcu.

Besides, AJM-OFDM-SNM with [BPSK, 8PSK, QPSK] is

further implemented to increase the transmission rate of up

to 2.25 bpcu.

It can be seen from above examples that compared to JM-

OFDM-SNM, AJM-OFDM-SNM is able to not only achieve

a higher transmission rate but also reduce the number of

redundant transmitted vectors by properly adjusting the con-

stellation order for different numbers of active subcarriers. In

other words, AJM-OFDM-SNM is more flexible and practical

than JM-OFDM-SNM. To clearly exhibit the mapping rule

between the input bits and transmitted vectors, let us take

AJM-OFDM-SNM with N = 4, V = 2, and [BPSK, QPSK]

as an example, which has 64 legal transmitted vectors and

a transmission rate of 1.5 bpcu. Assuming the input bits

are (00000), the corresponding transmitted vector is given by

x̄1 = [−1, 0, 0, 0]T . However, if the input bits are (11111), the

transmitted vector is x̄64 = [0, 0, 1√
2
(1 + j), 1√

2
(1 + j)]T . It

is easy to find that the modulated symbols in x̄1 and x̄64 are

selected from BPSK and QPSK, respectively.

Remark: In AJM-OFDM-SNM, C(N, v) possible combi-

nations are fully considered with v active subcarriers, which

ignores the channel quality of each subcarrier. The flexibility

of AJM-OFDM-SNM enables us to further enhance the re-
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liability by discarding the combinations containing the weak

subchannels and only using the combinations with the strong

subchannels (Higher-order modulation can be employed to

adapt to the channel as well.), when the channel is available to

the transceiver. Due to page limitation, we omit the description

of this channel adaptive AJM-OFDM-SNM scheme.

B. JM-OFDM-IQ-SNM

The second enhanced JM-OFDM-SNM scheme, namely

JM-OFDM-IQ-SNM, performs indexing independently on the

I- and Q- components.

For demonstrative simplicity, we apply two pulse amplitude

modulation (PAM) constellations for I- and Q- domains, which

stand for the real and imaginary parts of an amplitude-phase

modulated symbol, respectively. In JM-OFDM-IQ-SNM, V
out of totally N subcarriers are allowed to be activated for

the I/Q domain, where NT =
∑V

v=1 C(N, v) SAPs exist for

IQ domains. For the I-branch, the number of generated vectors

for transmission is given by

N I
A =

∑V

v=1
C(N, v)(M I

v )
v, (31)

where M I
v denotes the constellation order of PAM for the

I-branch when activating v subcarriers. Similarly, for the Q-

branch, the number of generated vectors for transmission is

determined by

NQ
A =

∑V

v=1
C(N, v)(MQ

v )v, (32)

where MQ
v denotes the constellation order of PAM for the

Q-branch when activating v subcarriers. After obtaining the

transmitted vectors for both of the IQ components, the total

number of possible transmitted vectors for JM-OFDM-IQ-

SNM can be calculated as

ÑA = N I
A ·NQ

A . (33)

Therefore, the transmission rate of JM-OFDM-IQ-SNM is

given by

r̄JM−IQ = m̃ = ⌊log2(ÑA)⌋, (34)

and F̃ = 2⌊log2
(ÑA)⌋ vectors are utilized for transmission.

TABLE IV
TRANSMISSION RATE COMPARISON FOR JM-OFDM-IQ-SNM WITH

V = 2 AND N = 4, 8.

N Symbol Mode ÑA F̃ Rate

4
I: [2PAM, 2PAM]

Q: [2PAM, 2PAM]
1024 1024 2.5

4 [16QAM, 16QAM] 1600 1024 2.5

8
I: [2PAM, 2PAM]

Q: [2PAM, 2PAM]
16384 16384 1.75

8 [32QAM, 32QAM] 28928 16384 1.75

For clarity, we provide an example of JM-OFDM-IQ-SNM

with V = 2 and N = 4, 8 in Table IV. It can be seen from

Table IV that JM-OFDM-IQ-SNM with N = 4, V = 2, and

[2PAM, 2PAM] for both of the IQ components obtains 1024
transmitted vector with a transmission rate of 2.5 bpcu, while

JM-OFDM-SNM with N = 4 and V = 2 needs 16QAM for

each SAP to achieve the same transmission rate. In addition,

JM-OFDM-IQ-SNM with N = 8, V = 2, and [2PAM, 2PAM]

for both IQ components obtains 16384 transmitted vectors

with a transmission rate of 1.75 bpcu, while JM-OFDM-SNM

with N = 8 and V = 2 needs 32QAM for each SAP to achieve

the same transmission rate. Apparently, JM-OFDM-IQ-SNM

is able to employ a lower cardinality of the constellation to

achieve the same transmission rate as JM-OFDM-SNM with

a larger cardinality. This indicates that JM-OFDM-IQ-SNM

may obtain a better BER performance than JM-OFDM-SNM.

C. Low-Complexity Detection for AJM-OFDM-SNM and JM-

OFDM-IQ-SNM

The optimal ML detection for AJM-OFDM-SNM and JM-

OFDM-IQ-SNM is the same as that of JM-OFDM-SNM (c.f.

(8)) by considering all possible transmitted signal vectors,

which leads to high detection complexity. Therefore, similar to

JM-OFDM-SNM, we also propose LLR detection methods for

AJM-OFDM-SNM and JM-OFDM-IQ-SNM, which largely

reduce the computational complexity compared to their rel-

ative ML detection methods. Since the LLR detection for JM-

OFDM-IQ-SNM can be performed in a similar manner to that

for AJM-OFDM-SNM, we only shed light on the detection

process of AJM-OFDM-SNM and omit that of JM-OFDM-

IQ-SNM for brevity.

The LLR metric can be formulated as

LAJM(α) = ln

∑V
v=1 Pr(A

v
α|y(α))

Pr(Āα|y(α))

= ln

∑V
v=1 Pr(A

v
α)f(y(α)|Av

α)

Pr(Āα)f(y(α)|Āα)
, (35)

where Av
α denotes the event that the αth subcarrier is active of

probability Pr(Av
α) = v

NT C(N, v) for the case of activating

v subcarriers with T =
∑V

v=1 C(N, v). The conditional PDF

f(y(α)|Av
α) can be expressed in (36), shown at the top of the

next page.

Then, by considering all different signal constellations, we

can obtain the estimated signal set for the α-th subcarrier as

ŝ(α) = [ŝM1
(α), . . . , ŝMV

(α)]. (37)

To facilitate the signal detection, the optimally estimated

symbol for the α-th subcarrier is also reserved as ŝo(α) ∈ ŝ(α)
with the minimum Euclidean distance. Therefore, the corre-

spondingly estimated modulated symbol is finally obtained by

ŝAJM = [ŝo(1), . . . , ŝo(N)]. Having {LAJM(α)}Nα=1 and ŝAJM,

the following detection process is the same as that of JM-

OFDM-SNM (c.f. (11) and (12)), and the information bits can

be easily estimated.

D. Complexity Analysis

To clearly show the effect of the low-complexity detection

method, we measure the computational complexity of the low-

complexity LLR and the optimal ML detections in terms of
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f(y(α)|Av
α) =

{

1
πσ2 exp(− 1

σ2 |y(α)− 1√
v̄
hαŝMv

(α)|2), if the αth subcarrier is active,
1

πσ2 exp(− 1
σ2 |y(α)|2), if the αth subcarrier is inactive.

(36)

the number of complex multiplications for JM-OFDM-SNM

and AJM-OFDM-SNM.

In JM-OFDM-SNM, it is obvious that the computational

complexity of the proposed detection method comes from the

calculations of the LLR values {L(α)}Nα=1 in (9) and the

estimated SAP v̂. First, calculating f(y(α)|Aα), f(y(α)|Āα)
and Pr(Aα) needs (2M +10+V ) multiplications for a given

α. Therefore, obtaining {L(α)}Nα=1 requires N(2M+10+V )
multiplications. Second, determining the estimated SAP v̂
needs 3NV multiplications. Therefore, the total number of

multiplications for the proposed LLR detection in JM-OFDM-

SNM is (2MN + 10N + 4NV ). On the other hand, the

total number of complex multiplications for the optimal ML

detection in (8) is 3NF . Similar to JM-OFDM-SNM, the

computational complexity of the LLR detection for AJM-

OFDM-SNM only depends on the calculations of the LLR

values {LAJM(α)}Nα=1 in (35) and the estimated SAP v̂. For

a given v, determining Pr(Av
α)f(y(α)|Av

α) needs 2Mv + 8
multiplications and thus calculating

∑V
v=1 Pr(A

v
α)f(y(α)|Av

α)

amounts to 8V +2
∑V

v=1 Mv . Besides, calculating f(y(α)|Āα)
needs 4 multiplications. Therefore, obtaining LAJM(α) gener-

ates (4 + 8V + 2
∑V

v=1 Mv) multiplications for a given α, and

in total N(4 + 8V + 2
∑V

v=1 Mv) multiplications are required

for all values of LAJM(α) with α = 1, . . . , N . Additionally,

3NV multiplications are required for estimating SAP. Hence,

the total number of multiplications required by the LLR detec-

tion for AJM-OFDM-SNM is 4N + 11NV + 2N
∑V

v=1 Mv ,

while that for the optimal ML detection is 3NU with U =
2⌊log2

N̄A⌋. Note that the computational complexity of the

optimal ML detection for the conventional OFDM scheme

is given by 2NM , which is even less than that of the LLR

detection for (A)JM-OFDM-SNM. However, as will be veri-

fied in Section VI, the conventional OFDM scheme performs

worse than (A)JM-OFDM-SNM. This means (A)JM-OFDM-

SNM can strike an interesting trade-off between the error

performance and computational complexity.

TABLE V
COMPUTATIONAL COMPLEXITY COMPARISON OF DETECTION METHODS

FOR JM-OFDM-SNM.

Rate (N,V,M) Proposed ML Reduction

1.25 (4, 2, 2) 88 384 77%

2 (4, 3, 4) 120 3072 96%

1.125 (8, 3, 2) 208 12288 98%

1.75 (8, 4, 4) 272 393216 99%

For better illustration, we present the computational com-

plexity comparison of LLR and ML detections for JM-OFDM-

SNM in Table V. To be specific, the ML detection requires

384 multiplications while the LLR detection only needs 88

multiplications, which attains a complexity reduction of 77%
for JM-OFDM-SNM with N = 4 and V = M = 2.

Keeping increasing V and M , a reduction of 96% is achieved

by the LLR detection for JM-OFDM-SNM with N = 4,

V = 3 and M = 4. In addition, the LLR detection achieves

reductions of 98% and 99% for JM-OFDM-SNM with N = 8,

V = 3, and M = 4, and JM-OFDM-SNM with N = 8 and

V = M = 4, respectively. It can be concluded from above

that the computational complexity is largely reduced by the

LLR detection, especially for large values of N , V , and M .

TABLE VI
COMPUTATIONAL COMPLEXITY COMPARISON OF DETECTION METHODS

FOR AJM-OFDM-SNM.

Rate (N,V, [M1, . . .MV ]) Proposed ML Reduction

3 (2, 2, [8, 8]) 116 384 69%

2 (4, 3, [2, 2, 4]) 212 3072 93%

1 (8, 2, [2, 4]) 304 6144 95%

The comparison of LLR and ML detections for AJM-

OFDM-SNM in terms of computational complexity is also

considered in Table VI at the same SEs. Specifically, AJM-

OFDM-SNM with N = 2, V = 2, and M1 = M2 = 8 at an

SE of 3 bpcu requires 116 and 384 multiplications for LLR

and ML detections, respectively. Obviously, the LLR detection

has a lower computational complexity than the ML detection.

On the other hand, AJM-OFDM-SNM with N = 4, V = 3,

M1 = M2 = 2, and M3 = 4 at an SE of 2 bpcu requires

212 and 3072 multiplications for the LLR and ML detections,

respectively. In addition, the ML detection for AJM-OFDM-

SNM with N = 8, V = 2, M1 = 2 and M2 = 4 at an

SE of 1 bpcu requires 6144 multiplications, while the LLR

detection with N = 8, V = 2, M1 = 2 and M2 = 4 needs

only 304 multiplications, which leads to a great reduction of

computational complexity.

VI. SIMULATION RESULTS

In this section, we perform computer simulations to e-

valuate the BER performance of JM-OFDM-SNM, AJM-

OFDM-SNM, and JM-OFDM-IQ-SNM under the assumption

of Rayleigh fading channels and perfect channel estimation.

For convenience, we adopt the shorthands “JM-SNM, (N ,

V , MPSK/QAM)” for the JM-OFDM-SNM scheme with N
subcarriers, V maximal active subcarriers, and the M -ary

PSK/QAM constellation, “AJM-SNM, (N , V , [M1PSK/QAM,

. . . , MV PSK/QAM])” for the AJM-OFDM-SNM scheme

with N subcarriers, V maximal active subcarriers, and V
signal constellations, “JM-IQ-SNM, (N , V , [M I

1 PAM, . . . ,

M I
V PAM], [MQ

1 PAM, . . . , MQ
V PAM])” for the JM-OFDM-IQ-

SNM scheme with N subcarriers, V maximal active subcar-

riers, and V PAM constellations for the I-branch component,
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Fig. 2. Performance comparison between the optimal ML detection and the
proposed low-complexity LLR detection for JM-OFDM-SNM with N = 4.

and another V PAM constellations for the Q-branch compo-

nent, and “OFDM, (N , MPSK/QAM)” for the conventional

OFDM scheme with N subcarriers and M -ary PSK/QAM

constellation.

In Fig. 2, we compare the BER performance between the

optimal ML detection and the proposed low-complexity LLR

detection for “JM-SNM (4, 2, BPSK)” and “JM-SNM (4, 3,

BPSK)”. It can be seen from Fig. 2 that the proposed LLR

detection approaches the ML detection with an acceptable

performance loss. To be specific, the performance gap between

the LLR detection and ML detection is about 1 dB over the

entire SNR region for both “JM-SNM (4, 2, BPSK)” and “JM-

SNM (4, 3, BPSK)”. Note that the small performance loss

stems from the erroneous estimation on the number of active

subcarriers v̂. In Fig. 2, we also plot the BER curves from

the theoretical analysis. It can be found that the theoretical

curves of both “JM-SNM (4, 2, BPSK)” and “JM-SNM (4,

3, BPSK)” well match the simulation curves in the high SNR

region. The convergence validates our performance analysis

presented in Section IV.

In Fig. 3, we compare the block error ratio (BLER) perfor-

mance of (A)JM-OFDM-SNM and OFDM-SNM with N =
4, 8. Since it is difficult to make a fair comparison between JM-

OFDM-SNM and OFDM-SNM at the same transmission rate,

we alternatively select the AJM-OFDM-SNM for comparison

with OFDM-SNM. Specifically, we draw the BER curves of

“AJM-SNM, (4, 2, [8PSK, QPSK])” (V = 2), and OFDM-

SNM with N = 4 and QPSK at the same transmission rate

of 1.75 bpcu in Fig. 3(a). It can be seen that “AJM-SNM, (4,

2, [8PSK, QPSK])” obtains a 2 dB SNR gain over OFDM-

SNM with N = 4 and QPSK in the region of SNR > 25
dB. To further examine the performance of AJM-OFDM-SNM

with a different value of V , we also examine the BLER

performance of “AJM-SNM, (4, 3, [BPSK, QPSK, BPSK])”

(V = 3) at the same transmission rate in the figure. It can

be observed that “AJM-SNM, (4, 3, [BPSK, QPSK, BPSK])”

still outperforms OFDM-SNM with N = 4 and QPSK with a
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Fig. 3. Performance comparison between OFDM-SNM and AJM-OFDM-
SNM. (a) 1.75 bpcu; (b) 1.5 bpcu.

2 dB SNR gain. We then increase N from 4 to 8 and compare

the BLER performance of “AJM-SNM, (8, 3, [8PSK, QPSK,

QPSK])”, “AJM-SNM, (8, 4, [BPSK, BPSK, QPSK, BPSK])”,

and OFDM-SNM with N = 8 and QPSK at a transmission

rate of 1.5 bpcu in Fig. 3(b). From Fig. 3(b), we observe

that both “AJM-SNM, (8, 3, [8PSK, QPSK, QPSK])” and

“AJM-SNM, (8, 4, [BPSK, BPSK, QPSK, BPSK])” achieve

better performance almost over the entire SNR region with a

constant 4 dB SNR gain for SNR ≥ 20 dB, which further

validates the performance advantage of (A)JM-OFDM-SNM.

Interestingly, we can see from Fig. 3 that “AJM-SNM, (4,

2, [8PSK, QPSK])” and “AJM-SNM, (8, 3, [8PSK, QPSK,

QPSK])” achieve almost the same BLER performance as

“AJM-SNM, (4, 3, [BPSK, QPSK, BPSK])” and “AJM-SNM,

(8, 4, [BPSK, BPSK, QPSK, BPSK])” in the high SNR region.

These phenomena can be explained by the fact that the SAP

in AJM-OFDM-SNM is likely to be correctly estimated, while

the detection error only occurs in the estimation of modulated

symbols.

In Fig. 4, we compare the BER performance of (A)JM-

OFDM-SNM and OFDM. From Fig. 4, we can see that “JM-

SNM, (2, 2, 8QAM)” achieves an up to 1 dB SNR gain over

“OFDM, (2, 8QAM)” at the same transmission rate of 3 bpcu.

Similarly for the same transmission rate of 4 bpcu, “AJM-

SNM, (2, 2, [2QAM, 16QAM])” outperforms “OFDM, (2,

16QAM)” attaining an up to 0.8 dB SNR gain. In addition,

“AJM-SNM, (2, 2, [2PSK, 16PSK])” still obtains almost 1
dB SNR gain over “OFDM, (2, 16PSK)”. From above, the

superiority of our proposed (A)JM-OFDM-SNM scheme over

the conventional OFDM scheme is verified.

Figure 5 shows the BER performance of (A)JM-OFDM-

SNM with N = 4 and V = 2. With respect to “AJM-SNM,

(4, 2, [BPSK, QPSK])” with a transmission rate of 6 bpcu,

“JM-SNM, (4, 2, QPSK)” with a transmission rate of 1.5 bpcu,

and “AJM-SNM, (4, 2, [8PSK, QPSK])” with a transmission

rate of 1.75 bpcu, It can be observed that “AJM-SNM, (4, 2,
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Fig. 4. Performance comparison of (A)JM-OFDM-SNM and OFDM with
different configurations.
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Fig. 5. Performance comparison for AJM-OFDM-SNM with N = 4 and
V = 2.

[BPSK, QPSK])” with 1.5 bpcu performs the best and “AJM-

SNM, (4, 2, [8PSK, QPSK])” with 1.75 bpcu performs the

worst in the low SNR region. However, they achieve almost

the same performance in the high SNR region. This is because

the SAP and the modulated symbol are prone to detection

errors in the low SNR region, such that 8PSK in “AJM-

SNM, (4, 2, [8PSK, QPSK])” and BPSK in “AJM-SNM, (4,

2, [BPSK, QPSK])” lead to the worst and best performance,

respectively. However, the SAP and modulated symbols are

immune to detection errors in the high SNR region. Note

that the majority of transmitted vectors in “AJM-SNM, (4, 2,

[BPSK, QPSK])”, “JM-SNM, (4, 2, QPSK)”, and “AJM-SNM,

(4, 2, [8PSK, QPSK])” are dominated by QPSK with v = 2 (96
possible transmitted vectors exist), and only a small portion of
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Fig. 6. Performance comparison for AJM-OFDM-SNM with N = 8 and
V = 2.

transmitted vectors are generated by BPSK/QSPK/8PSK with

v = 1 (see Table III). Therefore, although “AJM-SNM, (4,

2, [8PSK, QPSK])” has a larger transmission rate, all three

AJM-OFDM-SNM schemes achieve almost the same BER

performance in the high SNR region. This is because the

transmitted vectors with QPSK and v = 2 play a major role on

the BER performance in the high SNR region. In addition, we

show the simulation results for “AJM-SNM, (4, 2, [16PSK,

BPSK])” with 1.5 bpcu and “AJM-SNM, (4, 2, [16PSK,

QPSK])” with 1.75 bpcu. It can be seen that “AJM-SNM, (4,

2, [16PSK, BPSK])” leads to a better BER performance than

“AJM-SNM, (4, 2, [16PSK, QPSK])” in the low SNR region,

but worse BER performance in the high SNR region. This can

be understood by the fact that the transmit vectors with QPSK

and v = 2 are dominant in all available vectors for “AJM-

SNM, (4, 2, [16PSK, QPSK])”, while the transmit vectors

with 16PSK and v = 1 are dominant for “AJM-SNM, (4, 2,

[16PSK, BPSK])”, which leads to a better performance in the

high SNR region for “AJM-SNM, (4, 2, [16PSK, QPSK])”.

To further confirm our observation, in Fig. 6 we compare

the BER performance of (A)JM-OFDM-SNM with N = 8
and V = 2. From Fig. 6, one can still find that “AJM-

SNM, (8, 2, [BPSK, QPSK])” with 1 bpcu, “JM-SNM, (8, 2,

QPSK)” with 1 bpcu, and “AJM-SNM, (8, 2, [8PSK, QPSK])”

with 1.125 bpcu achieve almost the same BER performance

in the high SNR region because of the dominating transmit

vectors with QPSK and v = 2. Similarly, “AJM-SNM, (8,

2, [8PSK, 8PSK])” and “AJM-SNM, (8, 2, [BPSK, 8PSK])”

both with 1.275 bpcu achieve the same BER performance in

the high SNR region, which is dominated by 8PSK with v = 2.

Besides, “AJM-SNM, (8, 2, [32PSK, 8PSK])” with 1.375 bpcu

achieves the worst BER performance since the number of

transmitted vectors with 32PSK and v = 1 is non-negligible,

which degrades the system performance. On the other hand,

the proposed low-complexity LLR detection approaches the

optimal ML detection with a tolerably small performance loss
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Fig. 7. Performance comparison for JM-OFDM-SNM and JM-OFDM-IQ-
SNM with different configurations.

for “AJM-SNM, (8, 2, [32PSK, 8PSK])”. From above, we can

summarize that AJM-OFDM-SNM can not only increase the

length of input bits, but also improve the BER performance

by properly adjusting the constellation cardinality.

To evaluate the BER performance of JM-OFDM-IQ-SNM,

we draw the simulation curves for “JM-IQ-SNM, (4, 2,

[2PAM, 2PAM], [2PAM, 2PAM])” with 2.5 bpcu, “JM-IQ-

SNM, (8, 2, [2PAM, 2PAM], [2PAM, 2PAM])” with 1.75
bpcu, “JM-SNM, (4, 2, 16QAM)” with 2.5 bpcu, and “JM-

SNM, (8, 2, 32QAM)” with 1.75 bpcu in Fig. 7. We can

see from Fig. 7 that “JM-IQ-SNM, (4, 2, [2PAM, 2PAM],

[2PAM, 2PAM])” significantly outperforms “JM-SNM, (4, 2,

16QAM)”, achieving a 5 dB SNR gain at a BER level of

10−3. This is because 2PAM is employed in the JM-OFDM-

IQ-SNM scheme, while 16QAM with a much larger Euclidean

distance is adopted in the JM-OFDM-SNM scheme to achieve

the transmission rate of 2.5 bpcu. We can also find that “JM-

IQ-SNM, (8, 2, [2PAM, 2PAM], [2PAM, 2PAM])” achieves

better performance than “JM-SNM, (8, 2, 32QAM)” with a

6 dB SNR gain due to the poor performance of 32QAM

in “JM-SNM, (8, 2, 32QAM)”. It should be noted that JM-

OFDM-IQ-SNM obtains excellent performance because there

exist a large number of available candidates of transmitted

vectors generated by lower-order modulation schemes, e.g.,

2PAM. Additionally, the simulation curve of the proposed

low-complexity detection approaches that of the optimal ML

detection with a small gap for “JM-IQ-SNM, (8, 2, [2PAM,

2PAM], [2PAM, 2PAM])”.

The achievable rates of “AJM-SNM, (4, 2, [8PSK, QPSK])”,

“AJM-SNM, (8, 3, [BPSK, QPSK, QPSK])”, “OFDM-SNM,

(4, QPSK)”, “OFDM-SNM, (8, QPSK)”, and “JM-IQ-SNM,

(8, 2, [2PAM, 2PAM], [2PAM, 2PAM])” are presented in

Fig. 8. It can be seen from Fig. 8 that the achievable rates of

all schemes increase with the increase of SNR and approach to

constants at high SNR. This is because less detection errors
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Fig. 8. Achievable rate comparison between AJM-OFDM-SNM and OFDM-
SNM schemes.

occur at the receiver as SNR increases and the information

bits are correspondingly estimated with less errors. More

importantly, although the SEs for all schemes tend to saturate

at high SNR, we still can see from Fig. 8 that “JM-IQ-SNM,

(8, 2, [2PAM, 2PAM], [2PAM, 2PAM])” with a transmission

rate of 1.75 bpcu, “AJM-SNM, (4, 2, [8PSK, QPSK])” with

a transmission rate of 1.75 bpcu, and “AJM-SNM, (8, 3,

[BPSK, QPSK, QPSK])” with a transmission rate of 1.5 bpcu

outperform “OFDM-SNM, (4, QPSK)” with a transmission

rate of 1.75 bpcu and “OFDM-SNM, (8, QPSK)” with a

transmission rate of 1.5 bpcu at low-to-medium SNRs, which

further reveals the advantages of our proposed scheme.

VII. CONCLUSIONS

In this paper, we proposed the JM-OFDM-SNM scheme

to obtain better performance than OFDM-SNM by jointly

considering the SAPs and modulated symbols for different

numbers of active subcarriers. An LLR detection method for

JM-OFDM-SNM was proposed, which achieves very close

performance to the optimal ML detection over the entire

SNR region. In addition, we derived the upper bound on

the BER and the lower bound on the achievable rate of JM-

OFDM-SNM. To further enhance the utilization of frequency

resource, we proposed AJM-OFDM-SNM and JM-OFDM-

IQ-SNM to improve the SE and the error performance of

JM-OFDM-SNM, where AJM-OFDM-SNM adjusts the con-

stellation orders for different numbers of active subcarriers,

and JM-OFDM-IQ-SNM obtains a larger number of transmit-

ted vectors. By computer simulations, we showed that both

AJM-OFDM-SNM and JM-OFDM-IQ-SNM outperform JM-

OFDM-SNM under the same transmission rate.
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