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Abstract—This paper proposes a new physical layer archi-
tecture based on orthogonal frequency-division multiplexing
(OFDM) for uplink multiple access. It aims at high reliability with
fixed decoder latency, targeting emergent low-latency wireless ap-
plications such as transmission of control information in machine-
to-machine (M2M) and device-to-device (D2D) communications.
Our proposed system is based on the judicious combination
of subcarrier hopping and super-orthogonal convolutional codes
(SOCC) for achieving high coding gain and frequency diversity,
together with Golay complementary sequences for low peak-to-
average power ratio (PAPR) signaling. The low PAPR nature
improves the power efficiency at a power amplifier (PA) and
thus contributes to the transmission range enhancement. Fur-
thermore, by introducing non-orthogonality among users through
the assignment of the same set of subcarriers to multiple users,
the overall spectral efficiency can be improved. In order to
suppress multiple access interference (MAI) caused by the non-
orthogonal overlap of users, multiuser detection and decoding
(MUD) is employed. Theoretical expressions of approximate bit
error rate (BER) for the proposed system with MUD are also
developed. Numerical results reveal that our proposed system
achieves higher reliability and higher spectral efficiency than
the conventional orthogonal frequency-division multiple access
(OFDMA)-based system.

Index Terms—Golay sequence, high reliability, low latency,
orthogonal frequency-division multiplexing (OFDM), uplink non-
orthogonal multiple access, subcarrier hopping, super-orthogonal
convolutional codes (SOCC).

I. INTRODUCTION

Wireless communications systems have evolved with an
ever-increasing demand for higher data rate under strict lim-
itation of spectral resources. Its applications, on the other
hand, have been diversified with new challenges. For example,
wireless transmission of control information in machine-to-
machine (M2M) and device-to-device (D2D) communications
has recently gained significant attention [4], [5], where the
highest priority is given to reliability and latency requirement,
rather than the enhancement in data rate at the cost of
increasing signal processing latency [6], [7].

In this paper, a new physical layer architecture is intro-
duced for wireless uplink multiple access that targets higher
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reliability with a fixed latency decoder. Our approach is based
on the combination of the super-orthogonal convolutional
codes (SOCC) [8, Sec. 5.5] with orthogonal frequency-division
multiplexing (OFDM). The SOCC is a class of very low-
rate convolutional codes having powerful error correction
capability that can be decoded by the Viterbi algorithm.
Therefore, it can achieve good error rate performance in low
SNR region without resorting to iterative decoding widely
adopted in modern capacity approaching channel codes such
as low-density parity-check (LDPC) and turbo codes. The
major drawback of OFDM-based multiple access is its signal
with high peak-to-average power ratio (PAPR). Since efficient
linear amplification of signals with high PAPR is challenging,
OFDM is considered to be unsuitable for uplink communica-
tions of wireless networks where the transmitter is driven by
battery with limited capacitance. We cope with this problem
by employing orthogonal set of Golay sequences [9] as the
output of SOCC. The concept of combining SOCC with Golay
sequences was initially presented in [10], and the preliminary
analysis has been presented in [1]–[3] in the framework of
multiple access with overlapping subcarriers.

Considering the scarcity of spectral resources, the use of
low-rate channel coding may be justified only if the channel
is shared by multiple users. It is well-known that the sum-rate
capacity of the uplink multiple access channel is increased
if the users share the channel in a non-orthogonal manner
[11, Sec. 14.6]. One example of classical approaches is the
use of code-division multiple access (CDMA) together with
spread spectrum, where the low-rate channel codes such as
SOCC were originally adopted [8]. More recent examples
of such a scenario include the interleave-division multiple
access (IDMA) with low-rate channel codes [12], [13], where
different users that share the same time-frequency resources
are separated by a user-specific random interleaver. The key
elements of IDMA are the interleavers and deinterleavers
deployed at the transmitter and receiver, respectively, as well
as the powerful channel coding that exploits iterative detection
and decoding at the receiver. As a consequence, they introduce
a latency which may not be preferable for real-time commu-
nications.

Other techniques that have gained significant recent at-
tention are the so-called non-orthogonal multiple access
(NOMA), such as power-domain NOMA in [14], where the
signals of multiple users are transmitted using the same time-
frequency resources but with different transmission power
depending on the channel condition. The users are thus differ-
entiated by their average signal power, rather than providing
orthogonal channels to individual users, thereby achieving
high spectral efficiency. At the receiver, successive interference



cancellation (SIC) is commonly employed as a means of
multiuser detection (MUD). In the literature, NOMA for both
downlink and uplink has been studied with several topics
such as power allocation, user pairing, and its extension to
MIMO [15]–[17]. Several other techniques in the framework
of NOMA have also been introduced, and their primary inter-
est is placed on the enhancement of the data rate of each user
with increasing complexity. In fact, typical uplink NOMA with
transmission power control should depend on the synchronous
cooperation of user terminals, which is challenging if the
low latency requirement due to real-time communications is a
major constraint.

The system presented in this work has the following prop-
erties:

• Low latency: The use of SOCC with Viterbi decod-
ing for error control improves the bit error rate (BER)
performance with the fixed latency suitable for real-time
applications.

• Low PAPR: OFDM is employed for better synchroniz-
ability, but the problem is its high PAPR. The proposed
system achieves low PAPR by assigning the set of the
orthogonal sequence generated by the SOCC with the
Golay sequence as in [18].

• High diversity gain: By introducing subcarrier hopping
similar to the frequency hopping (FH) in the framework
of conventional spread spectrum together with the Golay
sequence, the diversity order can be enhanced even with
a single antenna at the transmitter and receiver.

• Spectral efficiency enhancement: By allowing the up-
link users to share the same set of subcarriers simultane-
ously, and introducing the MUD at the receiver side (e.g.,
base stations), the spectral efficiency can be improved.

For MUD, we consider two commonly adopted approaches,
namely maximum likelihood detection (MLD) and SIC, and
compare them with the single user case in terms of their error
rate performances and decoding complexity. We also address
implementation of MLD by introducing super-trellis decoding
(STD) that can achieve the MLD performance with Viterbi
algorithm. We also develop approximate lower bounds in terms
of the achievable BER for the proposed system employing the
above-mentioned schemes.

The rest of the paper is organized as follows. The proposed
system model, channel model, and two typical subcarrier
hopping scenarios are introduced in Section II. Section III
analyzes the theoretical performance of the proposed system
for a single user case in order to investigate its fundamental
performance and address several design issues. Section IV is
devoted to the description of detection and decoding schemes
for the multiuser scenario, and the performance of each
scheme is theoretically analyzed in Section V. Numerical
results that compare the MUD schemes and justify the validity
of our BER analysis, and thereby reveal the effectiveness
of the proposed system over the conventional orthogonal
frequency-division multiple access (OFDMA)-based approach
are presented in Section VI. Finally, Section VII concludes
this work.

II. SYSTEM MODEL

We consider an uplink of multiuser communications where
Na ∈ N active users simultaneously transmit their signals
to a single base station. The block diagram of an example
transmitter of each user with the common receiver is shown
in Fig. 1. We assume that each of the transmitter and receiver
has only a single antenna for simplicity.

A. Transmitter

At the transmitter, the binary information sequence of
length M transmitted by the ith user, denoted by ui =

[u
(1)
i , u

(2)
i , · · · , u(M)

i ], is fed into the SOCC encoder of rate
Rc = 1/Nu, where i ∈ U , with U = {1, 2, · · · , Na} represent-
ing the set of the active user indices and Nu = 2K−2 denotes
the length of the output of SOCC encoder with constraint
length K. The resulting codeword is represented by ci =

[c
(1)
i , c

(2)
i , · · · , c(M)

i ] where c
(m)
i = [c

(m)
i,1 , c

(m)
i,2 , · · · , c(m)

i,Nu
]

is the coded sequence corresponding to the information bit
u
(m)
i and c

(m)
i,n ∈ {0, 1} is the nth coded bit correspond-

ing to the mth information bit, where m ∈ {1, 2, · · ·M}
and n ∈ {1, 2, · · ·Nu}. We note that the SOCC encoder
is designed such that c

(m)
i forms an orthogonal Golay se-

quence, as described in detail in the next subsection. The
codeword ci is mapped onto BPSK constellation with unit
average power, and the corresponding sequence of BPSK
symbols is denoted by si = [s

(1)
i , s

(2)
i , · · · , s(M)

i ] where
s
(m)
i = [s

(m)
i,1 , s

(m)
i,2 , · · · , s(m)

i,Nu
] is a sequence of BPSK symbols

corresponding to the coded sequence c
(m)
i and s

(m)
i,n ∈ {−1, 1}

is the BPSK symbol corresponding to the coded bit c
(m)
i,n .

Since our primary focus is on achieving higher reliability with
limited decoding complexity at the receiver, we exclusively
deal with the BPSK case rather than high-order modulations.
Nevertheless, its possible extension to more spectrally efficient
scenarios is discussed in Section II-B. Time-domain interleav-
ing is not performed in our system in order to avoid additional
latency, and thus the only available diversity is the frequency
diversity offered by the frequency-selectivity of the channel.
Therefore, the efficient collection of frequency diversity effect
is of utmost importance in our system design.

The BPSK symbol sequence s
(m)
i is then mapped onto Nu

subcarriers in the OFDM symbol with Ns subcarriers where
Nu ≤ Ns. Let N (m)

i = {k(m)
i,1 , k

(m)
i,2 , · · · , k(m)

i,Nu
} denote the set

of subcarrier indices onto which s
(m)
i is mapped, i.e., s(m)

i,n is
mapped onto the subcarrier index k

(m)
i,n ∈ {0, 1, · · · , Ns − 1}.

Therefore, a symbol transmitted on the kth subcarrier X
(m)
i,k

is expressed as

X
(m)
i,k =

{
s
(m)
i,n , k = k

(m)
i,n ,

0, otherwise,
(1)

where k ∈ {0, 1, · · · , Ns − 1}. Then, IFFT is performed
to a sequence X

(m)
i = [X

(m)
i,0 , X

(m)
i,1 , · · · , X(m)

i,Ns−1] in order
to generate an OFDM signal. Since s

(m)
i is a polar repre-

sentation of Golay complementary sequence c
(m)
i , the PAPR

of the resulting OFDM signal is guaranteed to be at most
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Fig. 1. A block diagram of the transmitter and receiver of the proposed system with K = 4, Nu = 4, and Ns = 16.

3 dB [19] under the constraint that the corresponding Nu non-
zero subcarriers in N (m)

i should be equally spaced. In this
work, the subcarrier spacing is chosen as large as possible such
that the achievable frequency diversity effect is maximized
(i.e., minimizing the statistical correlation among modulated
subcarriers). Consequently, the resulting subcarrier spacing
is given by J = ⌊Ns/Nu⌋, i.e., k

(m)
i,n = k

(m)
i,1 + (n − 1)J

for n = 2, 3, · · · , Nu, where ⌊x⌋ is the maximum integer
smaller than or equal to x. Note that the block diagram of
the transmitter in Fig. 1 corresponds to the case with K = 4
(and thus Nu = 4) and Ns = 16.

In order to enhance the achievable frequency diversity gain,
the subcarrier hopping is adopted. Specifically, each OFDM
symbol selects a different set of the allocated subcarriers
N (m)

i . The detailed algorithm of the subcarrier hopping is
presented later in this section.

Similar to the conventional OFDM systems, the proposed
system utilizes a cyclic prefix (CP) to combat the inter-symbol
interference (ISI) caused by frequency-selectivity of wireless
channels. We assume that the length of CP is long enough such
that the effect of the ISI associated with a channel delay spread
is negligible. Furthermore, due to the use of CP, users can
transmit their signals in a quasi-synchronous manner such that
interference among users on different channels (subcarriers),
i.e., the inter-carrier interference (ICI) among all the users
simultaneously communicating, is negligible.

B. SOCC with Golay Sequence
The SOCC is a class of low-rate convolutional codes whose

output consists of an orthogonal sequence. Encoder structure
of the SOCC is depicted in Fig. 2. The SOCC encoder with
constraint length K assigns the middle K−2 bits for selection
of an orthogonal sequence of length 2K−2 and the outer two
bits determine its polarity by an XOR operation. Therefore,
the rate of this code is Rc = 1/2K−2. In the original SOCC,
a Walsh-Hadamard (WH) sequence is used as an orthogonal
sequence. A set of WH sequences can be recursively obtained
by

HW
2N =

[
HW

N HW
N

HW
N −HW

N

]
, HW

2 =

[
+ +
+ −

]
, (2)

where each row of the square matrix HW
N forms a sequence

of length N which is orthogonal to the other rows.
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Fig. 2. Super-orthogonal convolutional encoder.

In this work, in order to generate a low-PAPR OFDM
signal, we use a set of Golay sequences instead of that of
WH sequences as the SOCC encoder outputs. Similar to the
case of WH sequences, a set of orthogonal Golay sequences
can be obtained by [18]

HG
2N =

[
HG

N H̄G
N

HG
N −H̄G

N

]
, HG

2 =

[
+ +
+ −

]
, (3)

where the matrix H̄G
N denotes the variant of HG

N with its
right half columns reversed [18]. From (2) and (3), we can
identify that the Golay square matrix is obtained by applying
bit inversion to the specific columns of the WH square matrix.
Consequently, the SOCC employing Golay sequences as its
outputs has the same distance spectrum (and transfer function)
as that with WH sequences, and the minimum free distance
df of the code is given by [20]

df = 2K−3(K + 2). (4)

This fact implies that application of Golay sequences to the
SOCC does not affect the performance of the code.

The SOCC can be decoded by the conventional soft-decision
Viterbi decoder. The use of Viterbi decoder leads to the
receiver implementation with low complexity. Furthermore,
since it is suitable to parallel implementation of add-compare-
select (ACS) circuits, the decoding latency can be made
significantly lower than those involving iterative decoding
process.

Extension to QPSK: Our proposed system basically em-
ploys BPSK since achieving higher reliability is of primary
interest and higher data rate is not necessarily mandatory



in the transmission of control information. However, one
can consider that, in general, the BPSK can be replaced by
QPSK to double the spectral efficiency without performance
degradation. This is also the case for our system, but the
extension is not straightforward due to the PAPR constraint
that should be fulfilled.

Let BN be an N ×N matrix with each row representing a
set of BPSK symbols corresponding to the row of the Golay
sequence matrix HG

N . In the case of BPSK, a sequence of
BPSK symbols mapped to the subcarriers are selected from
a row of BN in which each row has the property of the
orthogonal Golay sequence. For example, when we employ
the SOCC with constraint length K = 4, it is selected from
the row of BNu=4 expressed as

B4 =


−1 −1 −1 1
−1 1 −1 −1
−1 −1 1 −1
−1 1 1 1

 . (5)

Similarly, in the case of QPSK modulation, a sequence of
QPSK symbols are selected from a row of a 2N ×N matrix,
Q2N , defined as

Q2N =

[
BN

e
jπ
2 BN

]
=

[
BN

jBN

]
, (6)

where its lower half is the π
2 -rotation of the upper half and

thus Q2N has QPSK symbols {−1, 1,−j, j} as its elements.
Using the matrix Q2N is equivalent to exploiting the first bit
of the K − 2 register bits to select the phase (i.e., in-phase
and quadrature). Note that since all the rows of Q2N has
the property of Golay complementary sequences, the resulting
OFDM signal still has a 3 dB PAPR. In the example of the
SOCC with K = 4, it is selected from Q2N with N = 2
expressed as

Q4 =


−1 −1
−1 1
−j −j
−j j

 . (7)

From the above example, it is found that QPSK symbol with
Q2N instead of BPSK symbol with BN decreases the number
of symbols per information bit by a factor of two, i.e., spectral
efficiency is doubled. Moreover, since the minimum Euclidean
distance of the above QPSK constellation is

√
2, this QPSK

scheme achieves the same error rate as the BPSK case at the
same Eb/N0. Consequently, by employing the QPSK designed
above, our proposed system can double the spectral efficiency
while retaining its BER performance and PAPR reduction
capability. Nevertheless, in the following, we assume BPSK
for tractability of theoretical analysis and receiver design.
Further extension to higher order PSK is straightforward at
the cost of possible performance degradation associated with
reduced Euclidean distance. Also, by exploiting complemen-
tary sequence constructed by quadrature amplitude modulation
(QAM) developed in, e.g., [21] and references therein, our
SOCC-based approach may be extended to higher order QAM
at the cost of an increased PAPR, and thus a reduced power

efficiency at PA. Since these extensions also hinder the achiev-
able reliability (i.e., error rate performance), which contradicts
our primary objective, they are not pursued in this work.

C. Channel Model

We consider a frequency-selective fading channel with L
taps denoted by hi = [hi,1, hi,2, · · · , hi,L] for ith user’s
channel where each element is assumed to be statistically
independent and modeled as a zero-mean complex Gaussian
random variable with unit variance (i.e., Rayleigh fading).
Also, we assume that each user’s channel is statistically inde-
pendent. In low-latency applications, it is generally assumed
that the required data rate is low and frame duration is shorter
than the coherent time of the channel. Consequently, we
assume that the channel is static during the transmission of one
frame, i.e., the impulse response hi is invariant over multiple
OFDM symbols that form a single codeword (i.e., block fading
scenario).

D. Subcarrier Hopping

Due to the assumption of the static fading channel models,
the time diversity is not available. Therefore, in a single an-
tenna framework, exploiting frequency diversity gain is the key
for possible performance enhancement. Conventional OFDM-
based multiple access systems such as OFDMA [22], [23] and
interleaved frequency-division multiple access (IFDMA) [24]
generally assume that the same set of subcarriers are used
for all the OFDM symbols in a single time frame. However,
this may restrict the subcarrier positions experienced by one
codeword and thus lead to reduction in the effective diversity
gain, even if the resolvable paths in the channel would be rich.

By allowing a set of subcarriers to change its position,
possibly for every OFDM symbol within one frame, the max-
imum diversity gain would be expected. In the conventional
OFDMA system, the set of the subcarriers utilized by a
single user is invariant over all OFDM symbols in a frame.
Using the notations in Section II-A, the set of the subcarrier
indices for the ith user N (m)

i is invariant for any m (OFDM
symbol index). On the other hand, in our proposed system,
N (m)

i varies with respect to m. Since a user exploits Nu
subcarriers with the subcarrier spacing J over an Ns-subcarrier
OFDM symbol, once initial subcarrier index k

(m)
i,1 is given,

the remaining subcarrier indices k
(m)
i,n for n = 2, 3, · · · , Nu

are uniquely determined. Therefore, the subcarrier hopping
design is equivalent to the selection of the initial subcarrier
indices k

(m)
i,1 for m = 1, 2, · · · ,M . In this paper, we examine

two types of hopping design: random hopping and systematic
hopping. For the random hopping, k(m)

i,1 is randomly selected
from the set {1, 2, · · · , J} at each OFDM symbol. In this case,
however, some realization of hopping patterns may result in
the decrease of frequency diversity gain. Consequently, we
propose the systematic hopping to maximize the achievable
frequency diversity gain. For the systematic hopping, the initial
subcarrier index for the first OFDM symbol (i.e., k

(1)
i,1 ) is

chosen randomly from the set {1, 2, · · · , J}, and then for
the other OFDM symbols (i.e., m = 2, 3, · · · ,M ), the initial



subcarrier index is determined as k
(m)
i,1 = (k

(m−1)
i,1 + V )

mod J where

V =

{
1, if ⌊J/K⌋ = 0,

⌊J/K⌋, otherwise,
(8)

denotes the hopping interval between the consecutive OFDM
symbols. This hopping design guarantees that distinct sets
of subcarriers are used over at least K consecutive OFDM
symbols (i.e., K trellis segments). In this manner, the K
consecutive information bits in the trellis do not suffer from
the same amount of fading, thus contributing to the increase
of diversity gain.

The amount of frequency diversity gain experienced by each
user depends on the hopping design. On the other hand, the
amount of multiple access interference (MAI) depends on the
hopping patterns among multiple users. In order to make our
analysis tractable, we only focus on the following two typical
cases in this paper.

1) Full Overlapping Case: We first describe a simple sce-
nario where all Na users share the same set of subcarriers for
all OFDM symbols, i.e., all users have the identical hopping
pattern. Specifically, we consider the case

N (m)
1 = N (m)

2 = · · · = N (m)
Na

≡ N (m). (9)

Let S(m)
k = {i1, i2, · · · } denote the set of the user indices

allocated to the kth subcarrier of the mth OFDM symbol.
From (9), it follows that

|S(m)
k | =

{
Na, k ∈ N (m),
0, k /∈ N (m),

(10)

for any m ∈ {1, 2, · · · ,M}, where |A| represents the car-
dinality of an arbitrary set A. We refer to this case as full
overlapping case. Note that this scenario can be considered
as the worst case in terms of error rate performance since the
amount of MAI is maximized in all the shared subcarriers.

2) Partial Overlapping Case: We also consider a more
practical scenario where each user is able to determine its own
hopping pattern independently of the other users, i.e., without
any cooperation with the other users. We here assume that the
hopping pattern of each user is independently determined in a
random manner. We refer to this case as partial overlapping
case. Some subcarriers may thus experience MAI while the
others may not.

E. Receiver

In this work, perfect frequency synchronization is assumed
such that carrier frequency offset (CFO) is negligible at
the receiver. We note that the CFO is a crucial problem
for the uplink of multiuser OFDM systems [25], and thus
development of estimation and compensation of CFO suitable
for real-time communications is important. However, this is
beyond the scope of this work.

After removing the CP and FFT operation, a se-
quence of the mth received OFDM symbol Y (m) =

[Y
(m)
0 , Y

(m)
1 , · · · , Y (m)

Ns−1] is obtained where Y
(m)
k is the re-

ceived symbol on the kth subcarrier which is simultaneously
shared by at most Na users. It is represented by

Y
(m)
k =

∑
i∈S(m)

k

Hi,kX
(m)
i,k +N

(m)
k , (11)

where N
(m)
k is a zero-mean complex AWGN term with

variance N0/2 per dimension. The channel coefficient Hi,k

corresponding to the kth subcarrier of the ith user is given by

Hi,k =
L∑

ℓ=1

√
pi,ℓhi,ℓe

−j2π k
Ns

ℓ, (12)

where pi,ℓ denotes a power delay profile (PDP). In this paper,
for simplicity of analysis and simulation we assume an equal-
power L-tap channel, and we thus have pi,1 = pi,2 =
· · · = pi,L = 1/L for i = 1, 2, · · · , Na. Note that our main
objective of this work is to evaluate the relationship between
the achievable diversity order of the system and the maximum
diversity order offered by the channel. For this purpose, the
equal-power tap assumption would be sufficient. We also
assume that the channel state information (CSI) and hopping
patterns of all users are perfectly known at the receiver.

III. PERFORMANCE ANALYSIS IN SINGLE USER CASE

In this section, we focus on the single user case, i.e., without
MAI. An approximate BER lower bound is developed and the
diversity enhancement achieved by the subcarrier hopping is
presented. Moreover, the relationship between the parameters
associated with SOCC and subcarrier hopping is established
and the condition is identified where the subcarrier hopping
approach becomes beneficial. Also, we show the distribution of
instantaneous power of OFDM signal in the proposed system
with Golay sequence to demonstrate the superiority in terms of
energy efficiency compared to the conventional OFDM signal.

Note that we consider neither the nonlinear distortion typi-
cally introduced by a power amplifier (PA) at the transmitter
nor the phase noise at the receiver in this paper for simplicity.
Our analysis developed in the subsequent section can be
extended to the scenario where such hardware impairments are
present by incorporating their additional statistical property,
but they are left as future work.

A. Performance Analysis

For a BER analysis of binary convolutional codes, the
union bound, which serves as a tight upper bound for high
SNR, is generally used. However, its exact calculation requires
prohibitively high computational complexity especially in the
case of fading channels. Consequently, we use a simple
approximate lower bound obtained by taking into account only
the error event with the minimum Hamming distance in the
union bound, given by [26]

Pb ≳ 1

kc
β(df)P (df), (13)

where df is the minimum free distance of the convolutional
codes, β(df) denotes the total input weight of the error events,



and P (df) denotes the codeword pairwise error probability
(PEP). Moreover, kc is the number of the information bits per
trellis segment, and it is equal to one throughout this work
since the code rate of SOCC is Rc = 1/2K−2 for constraint
length K. This bound becomes tight as SNR increases, since
the error event with df is dominant in all the error events.
For the SOCC, since β(df) can be readily obtained from the
transfer function of codes presented in [8, Sec. 5.5], we focus
on calculating the codeword PEP P (df).

In the single user case, the conditional PEP is given by [26]

P (df | Hi) = Q

√∑k∈W d2min|Hi,k|2

2N0

 , (14)

where Hi = [Hi,0, Hi,1, · · · ,Hi,Ns−1] denotes the vector
of channel coefficients for the ith user, dmin is the min-
imum Euclidean distance of the constellation, and W =
{w1, w2, · · · , wdf} denotes the subset of the subcarrier indices
that correspond to the bit error event. For simplicity of
analysis, the full diversity condition is assumed where the sum
of channel coefficients is approximated by∑

k∈W

|Hi,k|2 ≈

{
df
L

∑L
ℓ=1 |hi,ℓ|2, if L ≤ df,∑df

ℓ=1 |hi,ℓ|2, if L > df.
(15)

Using this approximation, the PEP of (14) is rewritten as

P (df | Hi)

≈ Q

√d2minvmax

∑vmin

ℓ=1 |hi,ℓ|2
2LN0

 (16)

=
1

π

∫ π/2

0

exp

(
−
d2minvmax

∑vmin

ℓ=1 |hi,ℓ|2

4LN0 sin
2 θ

)
dθ (17)

=
1

π

∫ π/2

0

vmin∏
ℓ=1

exp

(
−d2minvmax|hi,ℓ|2

4LN0 sin
2 θ

)
dθ, (18)

where vmin = min(df, L) and vmax = max(df, L). By the
assumption of Rayleigh fading, |hℓ,i|2 follows exponential
distribution with its probability density function (PDF) given
by f|h|2(x) = e−x. By taking expectation with respect to
|hℓ,i|2, the unconditional PEP is expressed as

P (df) ≈
1

π

∫ π/2

0

 1

1 +
d2
minvmax

4LN0 sin2 θ

vmin

dθ. (19)

From this PEP expression, it is observed that the diversity
order achieved by our system is given by vmin = min(df, L).

B. Simulation Results

1) Diversity Enhancement by Subcarrier Hopping: We will
demonstrate how the frequency diversity gain can be enhanced
by employing the subcarrier hopping compared to the fixed
subcarrier allocation strategy (as in OFDMA). Figure 3 shows
simulated BER of the proposed system with the subcarrier
hopping and the conventional OFDMA-based system in which
the fixed set of subcarriers are utilized over all OFDM sym-
bols. Both the systems employ SOCC with K = 4, i.e., we
have Nu = 4 and df = 12, and single user scenario (i.e.,

Fig. 3. Simulated BER comparison between the proposed system and the
conventional OFDMA-based system over the L-tap Rayleigh fading channel
in a single user scenario (i.e., Na = 1). As a reference, simulated BER over
an AWGN channel and the theoretical lower bound in the case of L = 16
derived in Section III-A are also shown. Note that the OFDMA performance
remains the same even with increasing L in this scenario.

Na = 1) is assumed. The number of OFDM subcarriers and
the number of OFDM symbols are chosen as Ns = 64 and
M = 768. Note that time-domain interleaving (which may
lead to increasing decoding latency) is not performed in both
the systems in order to compare the frequency diversity gain
under the same decoding latency constraint. Also, for fair
comparison, the reference OFDMA system adopted throughout
this paper employs distributed subcarrier allocation where
the subcarriers occupied by each user are chosen with the
maximum subcarrier spacing of J as in our proposed system.
This parameter setting will maximize the achievable frequency
diversity effect of the OFDMA system in the framework
without time-domain interleaving.

For the conventional OFDMA system, as the corresponding
curves of L = 4 and L = 8 in Fig. 3 overlap, no performance
improvement is observed even if the number of channel taps
L increases. This is because the diversity order of the conven-
tional system is determined by the minimum value between
Nu and L, and in this case, it is Nu = 4. On the other hand,
the performance of the proposed system gradually improves as
the number of taps (i.e., the maximum diversity order provided
by the channel) increases due to the increase of diversity gain
provided by the subcarrier hopping. Consequently, we may
conclude that the subcarrier hopping can efficiently improve
its achievable diversity order as the maximum diversity order
of the channel increases. Comparing the random hopping and
systematic hopping schemes, the systematic hopping shows
superior performance since it maximizes the achievable diver-
sity gain. In fact, the gap between the two hopping schemes
becomes larger as the number of taps L increases.

As a reference, we also present simulated BER performance
over an AWGN channel and theoretical lower bound over
the Rayleigh fading channel with L = 16 taps derived in
Section III-A. We focus on the performance improvement
between the cases of L = 12 and L = 16. As presented in



Fig. 4. Simulated BER of the proposed and OFDMA systems employing
SOCC with constraint length K = 3, 4, 5, 6, 7 over the 12-tap Rayleigh
fading channel.

Section III-A, the achievable diversity order of the proposed
system is given by vmin = min(df, L). Therefore, the diversity
order is limited by df = 12 for both the cases of L = 12 and
16, and further increase of channel taps may not provide any
additional diversity gain, even though the BER of L = 16
is better than that of L = 12. This difference stems from
the fact that the BER of L = 12 does not fully achieve
the diversity order of vmin = 12 even with the systematic
hopping. If the fading correlation can be perfectly removed
by employing a more appropriately designed hopping scheme,
the BER performance is expected to eventually approach the
theoretical bound in high SNR.

2) Relationship between SOCC Design and Subcarrier
Hopping: Figure 4 shows simulated BER performance of
our proposed system with the systematic hopping and the
OFDMA without subcarrier hopping for fixed channel taps
L = 12 and various SOCC constraint length K. The number
of OFDM subcarriers and the number of OFDM symbols are
chosen as Ns = 512 and M = 200. In the cases of K = 3
and K = 4, our proposed system outperforms the OFDMA
because we have the relationship L ≥ df > Nu and the
achievable diversity order of our system is thus df whereas
that of OFDMA is Nu. In the case of K = 5, since we have
the relationship df > L > Nu, the achievable diversity order
of the proposed system is limited to L but it is still larger
than that of the OFDMA and our system thus shows better
performance. However, in the cases of K = 6 and K = 7,
both the systems exhibit the same performance because the
parameters are now related as df > Nu > L and thus the
achievable diversity order of both the systems are bounded by
L. From this observation, it is concluded that the subcarrier
hopping provides no additional frequency diversity gain if and
only if df > Nu > L and otherwise it is beneficial.

3) PAPR Improvement: In order to evaluate PAPR improve-
ment provided by Golay sequence in the proposed system,
we calculate the instantaneous power distribution in the form
of complementary cumulative distribution function (CCDF).

Fig. 5. CCDF of instantaneous power of Golay-based OFDM signals. As
a reference, those of the conventional OFDM and DFT-precoded OFDM are
presented.

In Fig. 5, the Golay-based OFDM in the proposed system
is compared with the conventional OFDM as well as the
DFT precoding adopted in the uplink of LTE-Advanced as an
example of practical PAPR reduction approaches. The CCDFs
are obtained by simulation with Ns = 512. In this result,
the SOCC with K = 11 is employed such that all the Ns
subcarriers are modulated by Golay sequence to reveal their
asymptotic CCDF behavior. We observe from the figure that
the instantaneous power of the Golay-based OFDM is bounded
by 3 dB, which is even much lower than that achieved by the
DFT-precoded OFDM. (We refer to [19] for the proof of the
3 dB bound.) This fact implies that the Golay-based OFDM
is able to be amplified by a PA that is operated with its near
saturation region, and if they are compared under the same
amount of nonlinear distortion, the proposed system ensures
higher transmitting power and thus higher received SNR for a
given power supplied to the transmitter circuit.

IV. DETECTION AND DECODING IN MULTIUSER CASE

Contrary to the previous section where the single user case
is assumed, this section handles the multiuser case. Even
in this case, if all subcarriers do not experience the MAI,
i.e., |S(m)

k | ≤ 1 for any pairs of k ∈ {0, 1, · · · , Ns − 1}
and m ∈ {1, 2, · · · ,M}, it can be considered as the single
user case and the conventional Viterbi decoder is applicable.
Otherwise, MUD is necessary to mitigate or eliminate the
MAI. In this section, assuming the latter case, we will de-
scribe two representative MUD schemes, i.e., STD and SIC-
based decoding. The former achieves optimum performance
at the cost of high complexity, whereas the latter generally
achieves suboptimum performance but with low complexity.
The conventional Viterbi decoder will be used for either case
considering the latency requirement.

A. Single User Detection and Decoding

We first describe the conventional Viterbi decoder with
the metric calculation modified for multiuser case, which we



refer to as single user detection and decoding (SUD) in the
following. Although the SUD cannot suppress the MAI, the
decoding of each user can be processed in parallel and thus
its decoding latency can be lower than those of STD and SIC.

For the decoding of a desired user, the other users’ signals
are regarded as interference. In our SUD algorithm, the sum
of the interference and noise terms in (11) is assumed to be
Gaussian, which is represented by

N
′(m)
k =

∑
i∈S(m)

k \us

Hi,kX
(m)
i,k +N

(m)
k , (20)

where us ∈ U is the desired user and N
′(m)
k follows

CN (0, I
(m)
k +N0) with I

(m)
k given by

I
(m)
k =

∑
i∈S(m)

k \us

|Hi,k|2. (21)

Under this assumption, the metric of the bit carried by the kth
subcarrier in the mth OFDM symbol of user us, denoted by
c
(m)
us,k

, is calculated as

λb

c
(m)
us,k

= log f(Y
(m)
k | c(m)

us,k
= b,Hus,k) (22)

= log
1

π
(
I
(m)
k +N0

)
exp

(
−
|Y (m)

k −Hus,k(2b− 1)|2

I
(m)
k +N0

)
, (23)

where f(·|·) denotes the conditional PDF and b ∈ {0, 1}.
The calculated bit metric is fed into the conventional Viterbi
decoder and the information is retrieved.

B. Super-Trellis Decoding

It is known that MLD which jointly detects the sequences of
all users leads to optimum error rate performance [27, Sec. 4].
STD is a decoding scheme based on MLD for trellis-based
codes such as convolutional codes or turbo codes [28], [29].
Specifically, in the STD, Viterbi algorithm is performed over a
super-trellis which is a single trellis representation composed
of all users’ trellises to choose the most likely sequence of
all the users. Figure 6(b) shows an example of super-trellis
consisting of two users’ trellises where each user employs the
SOCC with K = 3 and its trellis is represented by Fig. 6(a).
Note that in Fig. 6(b), only some representative branches are
shown for visibility.

In the partial overlapping case where both the subcarriers
with and without MAI exist, the bit metric calculation depends
on the number of overlapping users, i.e., the bit metrics
are calculated independently when the users do not overlap
whereas they are calculated jointly otherwise. For instance,
let us focus on the branch from the state 00/00 to the state
00/10 in Fig. 6(b). Let the corresponding branch metric be
given by

λ = λ1
01 + λ2

01, (24)

where λ1
01 and λ2

01 represent the metrics of the first and the
second outputs, i.e., (c1,1, c2,1) = (0, 1) and (c1,2, c2,2) =

0/00

00

10

01

11

1/11

(a) Single-trellis
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(b) Super-trellis

Fig. 6. Single- and super-trellis representation of SOCC with K = 3, where
si denotes the state, ui denotes the input bit, and ci,n denotes the nth output
bit of the ith user.

(0, 1), respectively. If the two users do not overlap, then c1,1
and c2,1 are carried by distinct received symbol Yc1,1 and Yc2,1 .
The metric λ1

01 is then expressed by the sum of the metric of
each user calculated independently:

λ1
01 = log f(Yc1,1 | c1,1 = 0,Hc1,1)

+ log f(Yc2,1 | c2,1 = 1,Hc2,1) (25)

= log
1

πN0
exp

(
−
| −Hc1,1 − Yc1,1 |2

N0

)
+ log

1

πN0
exp

(
−
|Hc2,1 − Yc2,1 |2

N0

)
, (26)

where Hc1,1 and Hc2,1 are the channel coefficients of the
corresponding user. On the other hand, if the two users overlap
where c1,1 and c2,1 are carried by the same received symbol
Yo, the metric λ1

01 should be calculated jointly as

λ1
01 = log f(Yo | c1,1 = 0, c2,1 = 1,Hc1,1 ,Hc2,1) (27)

= log
1

πN0
exp

(
−
| −Hc1,1 +Hc2,1 − Yo|2

N0

)
. (28)

Exploiting the above metric expressions, Viterbi algorithm is
performed over the super-trellis shown in Fig. 6(b). Note that
in the full overlapping case, only the latter metric calculation
is performed.

The major drawback of STD is its computational complexity
stemming from the large number of states of the super-trellis,
which in general increases exponentially with the number of



users. In fact, if Na users have the same SOCC encoder with
constraint length K, the super-trellis has 2Na(K−1) states.

C. Successive Interference Cancellation

In the proposed SIC-based decoding, we sequentially select
the target user to be decoded in the order of the received
signal power. At the first step, the user with the highest channel
gain is selected as the target user. Specifically, the target user
us ∈ U is determined by the following rule:

us = argmax
i∈U

L∑
ℓ=1

|hi,ℓ|2. (29)

Similar to the SUD case, the other users’ signals are regarded
as interference, and the bit metrics of the target user are
calculated by (23). The calculated bit metric is fed into the
Viterbi decoder, and then the estimated symbol of the target
user, X̂(m)

us,k
, is obtained. The estimated symbol is subtracted

from the received symbol (11) as follows:

Y
′(m)
k = Y

(m)
k −Hus,kX̂

(m)
us,k

. (30)

The resulting symbol after interference cancellation is used
for decoding of the next candidate user. Note that, before
proceeding to the next decoding iteration, we should update
U by excluding the index of the selected and thus subtracted
user.

V. PERFORMANCE ANALYSIS IN MULTIUSER CASE

In this section, we develop approximate BER bounds of
the proposed system employing SUD, STD, and SIC. For
ease of analysis, we consider only the full overlapping case,
which may serve as the worst case performance bound for
partial overlapping case. Similar to the single user case in
Section III-A, we will focus on deriving the codeword PEP of
the above-mentioned decoding schemes in the following.

A. PEP Analysis for SUD

Let us denote the index of the target user which we focus on.
Upon decoding of us, the received symbol of the kth subcarrier
of the mth OFDM symbol is represented as

Y
(m)
k = Hus,kX

(m)
us,k

+N
′(m)
k , (31)

where N
′(m)
k is given by (20) and it can be considered as Gaus-

sian noise which follows CN (0, I
(m)
k +N0) with I

(m)
k given

by (21). From this expression, we observe that the variance
of the interference term is not invariant over subcarriers due
to the correlated frequency response among the subcarriers.
Since this model is complicated to analyze, we simplify the
model with the assumption that the frequency response among
the subcarriers is independent and the Gaussian term has a
constant variance, i.e., N

′(m)
k follows CN (0, σ2

SUD) with

σ2
SUD = N0 +

∑
i∈S(m)

k \us

E
[
|Hi,k|2

]
, (32)

where E[·] represents an expectation operation. In our channel
model, E

[
|Hi,k|2

]
= E

[
|hi,l|2

]
= 1, and thus we have

σ2
SUD = N0 +Na − 1. (33)

With this assumption, the conditional PEP of the SUD is given
by

PSUD(df | Hus
) ≈ Q

√∑k∈W d2min|Hus,k|2

2(N0 +Na − 1)

 . (34)

Following the same derivation process as the single user case
that has lead to (19), the final expression of the PEP is given
by

PSUD(df) ≈
1

π

∫ π/2

0

 1

1 +
d2
minvmax

4L(N0+Na−1) sin2 θ

vmin

dθ.

(35)

B. PEP Analysis for STD

Since the STD is a trellis-based implementation of MLD,
it can achieve the optimal performance which is bounded by
the single-user case without MAI. Furthermore, as the SNR
increases, the single-user performance bound is expected to
become tight. Therefore, an approximate PEP of the STD case
is given by

PSTD(df) = P (df) ≈
1

π

∫ π/2

0

 1

1 +
d2
minvmax

4LN0 sin2 θ

vmin

dθ.

(36)

C. PEP Analysis for SIC

In order to simplify our analysis, we will focus on the case
of L ≤ df since the minimum free distance of SOCC in (4)
can be much larger than a typical diversity order in our system
model. Moreover, we consider the two-user case with the users
denoted by U1 and U2, where U1 experiences higher channel
gain and thus it is decoded first, followed by decoding of U2.
Nevertheless, it should be emphasized that the extension of our
analysis to the case of more than two users is straightforward.
In this case, the kth subcarrier of the mth received OFDM
symbol is represented by

Y
(m)
k = H1,kX

(m)
1,k +H2,kX

(m)
2,k +N

(m)
k . (37)

In the following, we derive a PEP for each user.
1) PEP Expression for U1: For decoding of U1, the term

associated with signal H2,kX
(m)
2,k of U2 is considered as

interference, and we assume that the sum of the interference
and noise terms follows Gaussian. Similar to the SUD case,
we assume that the Gaussian term has a constant variance for
analytical simplicity even though the variance may be different
for each subcarrier in practice. Then, (37) is rewritten as

Y
(m)
k = H1,kX

(m)
1,k +N

(m)
1,k , (38)

where

N
(m)
1,k = H2,kX

(m)
2,k +N

(m)
k , (39)



which follows CN (0, σ2
1) with

σ2
1 = E

[
|H2,k|2

]
+N0 = E

[
|h2,ℓ|2

]
+N0. (40)

Unlike the SUD case, the SIC decoding is performed with the
condition α1 > α2 where αi =

∑L
ℓ=1 |hi,ℓ|2, which results

from the decoding priority determined by the received signal
power. Based on the order statistics analysis, the PDF of α2

with this condition is given by

fα2(x) = 2(1− Fα(x))fα(x), (41)

where Fα(x) and fα(x) are cumulative distribution function
(CDF) and PDF of the unordered α given by

Fα(x) = 1−
L−1∑
k=0

xk

k!
e−x, fα(x) =

e−xxL−1

(L− 1)!
, (42)

since it follows the chi-square distribution with 2L degrees of
freedom. Consequently, (40) is rewritten by

σ2
1 = E

[
|h2,l|2

]
+N0 (43)

=
1

L
E [α2] +N0 (44)

=
1

L

∫ ∞

0

xfα2(x)dx+N0. (45)

With the above assumption, the conditional PEP for U1 is
given by

P1(df | H1) ≈ Q

√d2min

∑
k∈W |H1,k|2

2σ2
1

 (46)

≈ Q

√d2min
df
Lα1

2σ2
1

 , (47)

and the unconditional PEP is thus derived by

P1(df) ≈
∫ ∞

0

Q

√d2min
df
Lx

2σ2
1

 fα1(x)dx, (48)

where fα1(x) is the PDF of α1 under the condition α1 > α2,
given by

fα1(x) = 2Fα(x)fα(x). (49)

2) PEP Expression for U2: On the bit metric calculation
of the SIC for decoding of U2, the reference symbol depends
on whether the decoding of U1 is successful or not. Since the
exact analysis involves a prohibitive number of probabilistic
events, we take into account only the two tractable cases
in what follows. The first case is that decoding of U1 is
successful. The second case is that the error event of U1 with
df and that of U2 occur in a synchronous manner, starting
at the same trellis segment. For the former case, the symbol
of U1 (which is interference to U2) is successfully removed
from the interfered symbol at the cancellation process by (30).
On the other hand, in the latter case, the interference term is
augmented and the reference symbol after the process of (30)
is given by

Y
′(m)
k = H2,kX2,k + 2H1,kX1,k +N

(m)
k︸ ︷︷ ︸

N
(m)
2,k

. (50)

By the synchronous error assumption, the reference symbols
for all the erroneous symbols of U2 are given by (50). More-
over, by the white Gaussian approximation for interference,
N

(m)
2,k follows CN (0, σ2

2) with its variance given by

σ2
2 = 4E

[
|H1,k|2

]
+N0 (51)

=
4

L

∫ ∞

0

xfα1(x)dx+N0. (52)

Combining the above two cases, the approximate condi-
tional PEP of U2 is given by

P2(df | H1,H2) ≈ (1− P1(df | H1))Q

√d2min
df
Lα2

2N0


+ P1(df | H1)Q

√d2min
df
Lα2

2σ2
2

 , (53)

where P1(df | H1) is given by (47). Finally, the unconditional
PEP is derived by integrating (53):

P2(df) ≈
∫
D
P2(df | H1,H2)fα1,α2(x1, x2)dx1dx2, (54)

where D = {(x1, x2) | 0 < x2 < x1 < ∞} denotes the
domain of integration and fα1,α2(x1, x2) is the joint PDF of
α1 and α2 given by

fα1,α2(x1, x2) = 2fα(x1)fα(x2). (55)

VI. NUMERICAL RESULTS

In our simulation, the SOCC with constraint length K = 4
is employed together with Golay sequences. Thus, we have
Nu = 4 and df = 12. The number of OFDM subcarriers is
chosen as Ns = 64, and the number of OFDM symbols per
frame is set as M = 768. Throughout this section, the channel
is assumed to be an eight-tap Rayleigh fading.

A. Comparison of SUD, STD, and SIC

In this subsection, we compare SUD, STD, and SIC in
terms of BER and complexity. Their BER performances in
the full and partial overlapping cases are shown in Fig. 7(a)
and Fig. 7(b), respectively. The systematic hopping is assumed
in these simulations. As a reference, the BER performance
without MAI (i.e., Na = 1) is also presented. Each BER
curve shows the average BER of Na users. As we described in
Section IV-B, since the STD is based on the MLD criterion,
it exhibits the optimum performance which becomes almost
identical to that of the single user case in relatively high SNR,
regardless of Na and overlapping scenarios. However, since the
number of super-trellis states exponentially increases with Na,
the complexity would become a major issue as Na increases.
(In the case of Na = 8, the number of states is as large as 224

in our simulation settings.)
The performance of SIC is significantly degraded even with

a slight increase of the number of users in the full overlapping
case. On the other hand, in the partial overlapping scenario,
the SIC exhibits close to the optimum performance. This stems
from the fact that the number of subcarriers that experience



(a) Full overlapping case

(b) Partial overlapping case

Fig. 7. Simulated BER of SUD, STD, and SIC over the 8-tap Rayleigh fading
channel. As a reference, BER of the single user case is also shown.

TABLE I
COMPLEXITY COMPARISON BETWEEN STD AND SIC

STD SIC SUD
Metric Calculation 2Na 2Na 2Na

Comparison Operation 2K−1(2Na − 1) 2K−1Na 2K−1Na

overlapping is smaller in this case due to the randomness
inherent in the subcarrier hopping pattern. Therefore, even the
simple SIC can suppress the MAI successfully. In fact, only
slight degradation of performance is observed for Na = 8
compared to the cases with Na ≤ 4.

For comparison in terms of decoding complexity, the num-
bers of the metric calculations and comparison operations per
information bit are listed in Table I. It is observed that the
decoding complexity of the STD exponentially increases as
the number of users Na increases, whereas those of the SIC
and SUD linearly increase. In fact, comparing the numbers
of comparison operations, the STD requires 192 and 61440
for Na = 2 and 4, respectively, while the SIC and SUD only
require 16 and 32. Nevertheless, the STD can be implemented

in parallel whereas the SIC should be processed in a serial
manner, which leads to increasing latency. Consequently, the
decoding latency of the STD can be significantly suppressed
at the cost of the circuit scale. One may conclude that given
sufficient computational resources, if the latency issue is of
primary importance, the STD may be a preferable approach.

B. Spectral Efficiency Comparison

Figure 8 shows the minimum Eb/N0 required to achieve
the user-average BER of 10−3 when Na users are allocated for
the proposed system with SIC and the conventional OFDMA
system without subcarrier hopping. Note that both the systems
employ the same coding scheme, i.e., SOCC with K = 4. The
partial overlapping case is assumed in this simulation.

For Na ≤ 5, the proposed system with the systematic
hopping requires less Eb/N0 than that with the random hop-
ping since the systematic hopping achieves higher frequency
diversity gain as shown in Section III-B. On the other hand,
for Na > 5, the random hopping outperforms the systematic
hopping. This is due to the fact that the random hopping can
avoid the simultaneous use of the same subcarriers by the
multiple users with high probability. On the other hand, for
the systematic hopping, if the multiple users select the same
set of subcarriers at the first OFDM symbol, all the remaining
OFDM symbols suffer from the MAI due to its systematic
architecture. Therefore, the MAI of the random hopping case
is dispersive while that of the systematic hopping case is
consecutive, and the effect of MAI in the systematic case is
thus more harmful than the random case. For this reason, the
random hopping outperforms the systematic hopping for the
large Na cases.

Comparing the proposed system employing the random
hopping with the conventional OFDMA system, the proposed
system shows superior performance. In the OFDMA, users
utilize their specific predetermined sets of subcarriers over all
OFDM symbols such that no subcarrier experiences the MAI.
Therefore, Na = Ns/Nu = 16 users can be allocated at most
to one OFDM symbol without MAI. On the other hand, due
to the non-orthogonal user allocation with subcarrier hopping
and SIC, the proposed system has no limitation in the number
of available users in principle, and nearly three times as many
users as the OFDMA system can be supported at the same
Eb/N0 level.

C. Comparison between Simulation and Approximate Bound

Figure 9 compares the simulated BER and the correspond-
ing approximate lower bounds of SUD and STD. The latter
bounds are calculated by substituting the approximate PEP
into the lower bound (13) for each scheme. Since the full
diversity is assumed in our analysis, the systematic hopping
that maximizes the achievable diversity gain is used in the
following simulation results.

There is a gap between the simulation result and the
corresponding theoretical bound in Fig. 9 for each case.
In the case of STD, it can completely eliminate MAI and
thus achieves the same performance as the single user case.
Therefore, the amount of the gap is the same as that observed



Fig. 8. Required Eb/N0 to achieve BER of 10−3 when Na users are
allocated. The cases with several representing values of interest for Na are
plotted. The channel is 8-tap Rayleigh fading.

Fig. 9. Comparison between simulated BER and approximate lower bounds
of SUD and STD over the 8-tap Rayleigh fading channel.

in Fig. 3. On the other hand, for the SUD case, the gap between
the simulation result and theoretical bound is caused by the
following three assumptions introduced in our analysis for
mathematical tractability: 1) Our theoretical bound includes
only the error event associated with the minimum free distance
df of SOCC, which becomes dominant in high SNR (or
equivalently low BER region), 2) the full diversity is assumed
in the theoretical bound even though it is not perfectly satisfied
in the simulation, and 3) the interference is approximated by
the white Gaussian process even though this becomes a precise
model only as the number of the interfering users increases.
The difference of the gap caused by the different number
of users may stem from the last assumption. Note that the
additional simulation results where the independent channel
coefficients Hi,k are assigned over the entire subcarriers (i.e.,
the last two assumptions are realized in the simulation), not
shown in the paper due to the space limitation, reveal the
constant gap between the theoretical bound and simulation for

Fig. 10. Comparison between simulated BER and approximate lower bound
of SIC over the 8-tap Rayleigh fading channel.

any number of users. Even though the above assumptions make
our theoretical bound loose, development of more precise
analytical bound without the above three assumptions may be
intractable.

The similar comparison for SIC is shown in Fig. 10.
Contrary to the STD and SUD cases, our approximate BER
shows noticeable gap against the simulated BER for both the
U1 and U2. Nevertheless, we observe from the simulation
results that U1 is superior to U2 for low SNR but U2 eventually
outperforms U1 as SNR increases, and this tendency agrees
with the behavior of the two theoretical bounds, which justifies
the simulation results.

VII. CONCLUSION

In this paper, we have proposed a new uplink multiple
access scheme, which is based on OFDM with subcarrier
hopping, SOCC, and Golay complementary sequence. The
combination of SOCC and Golay sequence offers high coding
gain with simple receiver structure based on Viterbi algorithm
as well as low-PAPR OFDM signals. We have shown that
the subcarrier hopping enables us to achieve better frequency
diversity gain than the conventional OFDMA-based system
over the static fading channel which is a typical scenario for
real-time communications. Furthermore, our proposed system
allows the users to overlap in a non-orthogonal manner and
the resulting MAI is suppressed by MUD at the receiver.
We have introduced two representative MUD schemes in
this work, i.e., STD and SIC, and compared them in terms
of BER performance and decoding complexity. Numerical
results have shown that, in a practical scenario where the
users independently determine their hopping patterns in a
random manner, even simple SIC can approach to the optimum
performance with much less decoding complexity than STD.
Theoretical approximate lower bound of BER for our system
with SUD, STD, and SIC have been developed, and their
validity has been verified through the numerical comparison
with simulations. We have also demonstrated that the appro-
priate hopping design may differ depending on the number



of allocated users and as it increases the proposed system
with random hopping is able to outperform the conventional
OFDMA-based system in terms of spectral efficiency. Our
future work includes an extension of the proposed system
to the MIMO framework (i.e., multiple receiving antennas
case). In such a scenario, even a simple receiver structure
without SIC would considerably mitigate the interference due
to the increase of degree of freedom at the receiver. Also, an
evaluation of latency using real-time implementation such as
field-programmable gate array (FPGA) should be of significant
practical importance.
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