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Abstract— We consider a new orthogonal frequency-division
multiplexing (OFDM)-based uplink multiple access system called
subcarrier hopping multiple access (SHMA) targeting real-time
wireless communications such as motion controls of vehicles and
machines. By applying the super-orthogonal convolutional codes
(SOCC) as a channel code with subcarrier hopping, it can achieve
reliable communications due to the frequency diversity and
coding gain without increasing decoding latency. In this work, we
attempt to evaluate its system level performance according to the
specifications and channel models of the IEEE 802.11n standard,
aiming at its use for WiFi compatible environment. In particular,
the frame error rate (FER) performance comparison reveals
that the proposed SHMA can achieve higher reliability than the
IEEE 802.11n standard at the cost of reduced data rate, which
is still suitable for the purpose of motion control applications.
The proposed SHMA system exploits Golay sequences as the
outputs of SOCC in order to suppress the peak power of OFDM
signals. We also evaluate the gain provided by this low peak
power property taking into account the power amplifier (PA)
efficiency. Finally, we address how these gains contribute to the
enhancement of the transmission range over the conventional
WiFi standard for a given amount of average power at the
transmitter.

I. INTRODUCTION

Wireless communications such as cellular and wireless
LAN systems have evolved in view of achieving even higher
data rate under severe constraint of spectral resources. While
this trend remains unchanged, the diversification of wireless
applications has imposed additional requirements that had not
been paid much attention before [1]. In particular, motion
control of machines and vehicles such as unmanned aerial
vehicles (UAV) through wireless channels has gained signifi-
cant interest in recent years. In such applications, the highest
priority is given to the realization of higher reliability with
even lower latency, instead of achieving higher data rate at
the cost of increasing decoding latency.

In order to achieve higher reliability without sacrificing
latency requirement, the authors have proposed a subcarrier
hopping multiple access (SHMA) in [2] based on orthog-
onal frequency-division multiplexing (OFDM) with super-
orthogonal convolutional codes (SOCC) [3]–[5]. The SOCC is
a class of very low-rate convolutional codes that have powerful
error correction capability even with simple decoding structure
based on the Viterbi algorithm. It can achieve good error rate
performance in low SNR region without resorting to iterative
decoding, a common decoding approach in modern capacity

approaching channel codes such as low-density parity-check
(LDPC) and turbo codes.

While OFDM can achieve high spectral efficiency in ad-
dition to its robustness against frequency selective fading
channels, its well-known drawback is that the OFDM signal
exhibits high peak-to-average power ratio (PAPR), which
forces a power amplifier (PA) to be operated with a large
back-off, thus resulting in a significant loss of supplied direct-
current (DC) power [6], [7]. Due to this drawback, OFDM
has not been considered suitable for the long distance up-
link communication links where the power consumption of
user terminals is of primary interest. In fact, OFDM with
discrete Fourier transform (DFT)-precoding is employed in
the uplink of LTE to generate low PAPR signals. Neverthe-
less, it requires complicated equalization at the receiver to
suppress the inter-symbol interference (ISI) caused by the
frequency selectiveness of wireless channels, which leads to
increasing latency. In order to solve this PAPR problem, the
proposed SHMA system employs Golay sequences [8] as
the outputs of the SOCC encoder. The application of Golay
sequences to OFDM results in the signal with PAPR as low as
3 dB [9], which improves PA efficiency and thus enhances the
transmission range. Furthermore, similar to the conventional
OFDM, our system exploits cyclic prefix (CP) to avoid the ISI.
Upon assigning the Golay sequences to OFDM subcarriers,
the application of subcarrier hopping can fully exploit the
frequency diversity gain. Also, by allocating each subcarrier
to multiple users such that the subcarriers of the different
users are overlapped, the overall spectrum efficiency can be
enhanced. This subcarrier assignment, however, leads to the
lack of orthogonality among the users, causing multiple access
interference (MAI). Nevertheless, it can be suppressed by the
multi-user detection and decoding (MUD) at the receiver.

In recent years, the IEEE 802.11ah Task Group has been
developing a new standard for machine-to-machine (M2M)
communications [10]. Although IEEE 802.11ah can achieve
massive connectivity and high reliability at the cost of data
rate similar to our proposed system, IEEE 802.11ah has
high latency resulting from its long OFDM symbol duration.
Moreover, considering the fact that IEEE 802.11ah is mostly
based on the current IEEE 802.11 specifications, ensuring the
compatibility with the existing IEEE802.11 standards is also
an important requirement for our proposed system.

Therefore, in this paper, we evaluate the system level per-
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Fig. 1. Super-orthogonal convolutional encoder.

formance of the proposed SHMA system in an uplink scenario
where the parameters and channel model are chosen from
those of the IEEE 802.11n wireless LAN standard, focusing
on its applicability in the environment compatible to WiFi
systems, which was not conducted in our previous work [2],
[11]. In particular, we evaluate the improvement achieved by
the proposed SHMA system compared to the conventional
IEEE 802.11n standard considering the gains achieved by the
frequency diversity, channel coding, and PAPR reduction. We
demonstrate how these gains contribute to the enhancement
of the transmission range over the conventional WiFi standard
for a given amount of average power at the transmitter.

II. SHMA SYSTEM

We consider an uplink of multi-user communications in
which multiple users transmit their signals to a single base
station in a quasi-synchronous manner such that the inter-
ference among users on different channels (i.e., inter-carrier
interference among all the users) is negligible. We assume that
the transmitter and the receiver has a single antenna. The key
techniques that realize the proposed system are the SOCC with
Golay sequence and subcarrier hopping with OFDM, which
we briefly review in what follows.

A. SOCC with Golay Sequence

The SOCC is a class of very low-rate convolutional codes.
By assigning an orthogonal sequence as an output of the con-
volutional encoder, the SOCC efficiently improves its distance
spectrum as the constraint length K increases. In fact, the
minimum free distance df of the SOCC with the constraint
length K is given by [12]

df = 2K−3(K + 2). (1)

Figure 1 shows an encoder structure of the SOCC. In the
encoding process, the middle K−2 bits are used for selection
of an orthogonal sequence of length 2K−2, and then the
polarity of the selected sequence is determined by an XOR
operation with the two outer bits. Consequently, the code rate
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 [13]

HW
2N =

[
HW

N HW
N

HW
N −HW

N

]
, HW

2 =

[
+ +
+ −

]
, (2)

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

of length N which is orthogonal to the other rows.
In the proposed SHMA system, a set of orthogonal Golay

sequences is employed instead of that of WH sequences in
order to reduce the PAPR of the resulting OFDM signals. It
is generally known that an OFDM signal whose subcarriers
are constructed with Golay sequences has a PAPR as low as
3 dB [9]. Exploiting this property, several coding schemes for
OFDM systems have been proposed [14]–[16]. Similar to the
case of WH sequences, a set of orthogonal Golay sequences
can be obtained by

HG
2N =

[
HG

N H̄G
N

HG
N −H̄G

N

]
, HG

2 =

[
+ +
+ −

]
, (3)

where the matrix H̄G
N is the variant of HG

N with its right half
columns reversed. For example, if HG

N = [A B] where A
and B are the corresponding matrices of size N ×N/2, then
H̄G

N = [A − B]. 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. Therefore,
the SOCC employing Golay sequences as its outputs has the
same distance spectrum (and transfer function) as that with
WH sequences. This fact implies that the application of Golay
sequences to the SOCC does not affect the performance of the
code.

The output sequence consisting of Nu = 2K−2 bits is
mapped onto BPSK constellation with unit average power,
and then allocated to equally spaced Nu subcarriers in an Ns-
subcarrier OFDM symbol. Note that equal subcarrier spacing
is required to guarantee that the resulting OFDM signal has
a 3 dB PAPR. In this work, the subcarrier space 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 space is given by T = ⌊Ns/Nu⌋ where ⌊x⌋ is the
maximum integer smaller than or equal to x.

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.

B. Subcarrier Hopping

In real-time communications, it is generally assumed that
short-frame transmission is employed, in which the channel
is assumed to be static during the transmission of a single
frame consisting of M OFDM symbols (corresponding to
a single codeword). Over such a static fading channel, if
the set of subcarriers allocated to each user remains the
same for all the OFDM symbols in a single frame as in
the case of the conventional orthogonal frequency-division
multiple access (OFDMA) [17], [18] or interleaved frequency-
division multiple access (IFDMA) [19], it fails to fully achieve



TABLE I
OFDM SPECIFICATIONS IN THE LEGACY MODE OF THE IEEE 802.11N

STANDARD

Bandwidth 20 MHz
Symbol duration 3.2µs
Guard interval 0.8µs

Subcarriers for data 48
Subcarriers for pilot 4

FFT size 64

frequency diversity gain even if the channel is multi-path rich.
In order to efficiently exploit the diversity gain provided by
such channels, the set of subcarriers allocated to each user
should be altered for each OFDM symbol. Therefore, our
system employs subcarrier hopping approach, which is defined
as follows.

We consider the scenario where Na active users share Ns
subcarriers in each OFDM symbol with each user selecting
its own set of Nu = 2K−2 subcarriers with the space T . Let
N (m)

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

(m)
i,2 , · · · , k(m)

i,Nu
} denote the set of subcarrier

indices allocated to the ith user in the mth OFDM symbol,
where k

(m)
i,n is the subcarrier index onto which the BPSK

symbol corresponding to the nth bit of the ith user’s SOCC
encoder output (of length Nu) is mapped with i ∈ U , with U =
{1, 2, · · · , Na} representing the set of the active user indices.
For example, in the conventional OFDMA system, since users
utilize the same set of subcarriers over all OFDM symbols,
N (m)

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

i varies by each
OFDM symbol transmission. Specifically, the initial subcarrier
index k

(m)
i,1 is chosen randomly from the set {1, 2, · · · , T} and

the remaining subcarrier indices are separated by the interval
T such that the transmitted OFDM signals have 3 dB PAPR,
i.e., k(m)

i,n = k
(m)
i,1 + (n − 1)T for n = 2, 3, · · · , Nu. A CP is

added to each OFDM symbol, and we assume that the length
of CP is long enough such that the effect of ISI associated
with delay spread of the channel is negligible.

III. FER PERFORMANCE EVALUATION

The main objective of this work is to evaluate the SHMA
performance in a practical environment largely based on the
IEEE 802.11n standard. In this section, we will describe the
corresponding simulation model and compare the resulting
FER performance.

A. OFDM Specifications and Data Rate

Since our focus is on reliable motion control, we compare
the proposed SHMA system with the IEEE 802.11n legacy
mode with the lowest date rate, which can achieve the highest
reliability among the existing modes in this standard. The
OFDM specifications defined in the legacy mode of IEEE
802.11n are listed in Table I.

When BPSK modulation and 1/2-rate convolutional code
(i.e., MCS index is 0) are employed with the above OFDM
specifications, the lowest data rate is achieved in the legacy
mode of the IEEE 802.11n standard, which is 6 Mbps. On the

TABLE II
POWER DELAY PROFILE OF TGN CHANNEL MODEL F

Tap Delay [ns] Power [dB] Tap Delay [ns] Power [dB]
1 0 -3.3 10 230 -2.9
2 10 -3.6 11 280 -4.3
3 20 -3.9 12 330 -5.9
4 30 -4.2 13 400 -5.2
5 50 0.03 14 490 -7.9
6 80 -0.8 15 600 -9.4
7 110 -1.6 16 730 -13.2
8 140 -2.5 17 880 -16.3
9 180 -1.5 18 1050 -21.2

other hand, since one OFDM symbol carries one information
bit regardless of the code rate in SHMA, the date rate is
250 kbps for any code rate. Note that the decrease in the
code rate of the SHMA system leads to the increase in the
number of subcarriers occupied by one user. It thus results in
the decreasing number of users without subcarrier overlapping.
Even though the data rate of SHMA is much lower than that
of IEEE 802.11n, it may be sufficient for reliable control
communications where the transmission of large amount of
data may not be mandatory [20].

B. Channel Model

In the IEEE 802.11n wireless LAN standard, TGn channel
models have a set of 6 profiles labeled A through F that may
cover all typical environments [21]. In this work, assuming
the motion control of UAV, we adopt the channel model F
that corresponds to a typical large open space, both indoor and
outdoor. Specifically, the channel model F, having six clusters,
consists of 18 delay taps and the impulse response of each tap
is modeled as Rayleigh fading. The power delay profile of the
channel model F is presented in Table II and its rms delay
spread is 150 ns. In the TGn channel models, the path loss at
distance dm is given by

L(d) =

{
LFS(d), for d ≤ dBP,

LFS(dBP) + 35 log 10( d
dBP

), for d > dBP,
(4)

where dBP denotes the break-point distance, and in the channel
model F, it is chosen as dBP = 30. Moreover, LFS(d) denotes
the free space path loss given by

LFS(d) = 20 log 10

(
4πd

λ

)
, (5)

where λ denotes the wavelength at the carrier frequency and
in this work, it is chosen as λ = 0.125 corresponding to the
carrier frequency of 2.4 GHz.

C. Data Frame Length for Low Latency Communications

In the frame structure of the IEEE 802.11n legacy mode, two
OFDM symbols for preamble with short training symbols, two
OFDM symbols for preamble with long training symbols, and
one OFDM symbol for the signal field are appended ahead
of the payload OFDM symbols. Consequently, five OFDM
symbols corresponding to 20µs duration in total are required
in a frame except for the data field. In general, end-to-end



Fig. 2. FER performance of the IEEE 802.11n standard and SHMA with
constraint length K = 3 and 4 over TGn channel model F in NLOS and LOS
environment.

latency should be kept less than 1 ms for reliable control
communications, and thus the latency budget in the physical
layer should be restricted by 100µs at most [1]. Therefore, in
this work, assuming that the same frame structure is employed
as the IEEE 802.11n standard, we set the length of data
symbols equal to M = 20 OFDM symbols corresponding to
80µs duration such that the duration of the entire transmission
frame is 100µs.

D. FER Performance

The FER performance in the case of multiple users sharing
the same subcarriers depends on the MUD algorithm at the
receiver. In [11], the design issues of MUD were addressed
and their performances were evaluated. Instead, since our main
focus in this section is on the FER comparison between SHMA
and the existing IEEE 802.11n standard, we consider the single
user case (i.e., Na = 1) where no MAI exists for simplicity.
In the single user case, the conventional Viterbi decoder is
used instead of MUD. The perfect channel state information
is assumed to be available at the receiver side.

The FER performances of IEEE 802.11n and SHMA with
the SOCC constraint length K = 3, 4 (i.e., code rate Rc =
1/2, 1/4) are shown in Fig 2. In this evaluation, the data
field corresponding to one codeword is counted as one frame.
Moreover, in order to compare the two systems under the same
decoding delay constraint, the time domain interleaving which
leads to the increase of decoding delay is not performed. In
the IEEE 802.11n standard, the minimum sensitivity of the
receiving antenna is specified such that the FER should satisfy
the upper limit of 10−1. On the other hand, it is generally
predicted that reliable control applications will require the FER
of 10−3 or less [20]. therefore, in the following, we set the
target FERs equal to 10−1 and 10−3 for the IEEE 802.11n
and SHMA, respectively.

Comparing the FER performance of the IEEE 802.11n and
that of SHMA with the SOCC of constraint length K = 3, the

gap in the required Eb/N0 at the respective FER requirement
is given by 1.4 dB in the NLOS environment. Note that the
SOCC with K = 3 has the same distance spectrum as the well-
known (5, 7)8 convolutional code used in the IEEE 802.11n
standard. Consequently, there is no difference in coding gain
between them. We also note that the codeword length of
SHMA is 20 since only Nu = 2 bits are used in one OFDM
symbol, while that of the IEEE 802.11 standard is 960 since all
the subcarriers are used in one OFDM symbol. It is generally
known that codeword error rate (corresponding to FER in this
work) of convolutional codes degrades as the length of trellis
increases [5]. Therefore, the performance gain of SHMA with
K = 3 represents the diversity gain achieved by subcarrier
hopping and the gain by the decrease of codeword length. It
should be also noted that the decrease of codeword length
results in the increase of rate loss due to the termination bits
for SOCC. Furthermore, In the case of LOS environment, the
benefit of using SHMA is reduced since the diversity gain may
not be achieved by the proposed SHMA.

Comparing the performance of IEEE 802.11n and that of
SHMA with K = 4, the gaps of the required Eb/N0 at the
respective target FERs in the NLOS and LOS environment are
4.7 dB and 1.5 dB, respectively. This gross gain is due to the
sum of coding gain, diversity gain, and the gain resulting from
the reduced codeword length. Note that the diversity gain in
the case of K = 4 is higher than that in the case of K = 3,
since the increase of the minimum free distance contributes
not only to the coding gain but also to the achievable diversity
order in the OFDM systems [22], [23].

IV. TRANSMISSION RANGE EVALUATION

Since the proposed SHMA system employs Golay sequence
as the encoder outputs, PAPR of the resulting OFDM signal
is lower than the conventional OFDM systems employed in
the IEEE 802.11n standard. This PAPR reduction contributes
to the improvement of PA efficiency, which leads to the
enhancement of the transmission range. In this section, we will
evaluate the transmission range of SHMA taking into account
the PAPR reduction gain by Golay sequence as well as the
diversity and coding gain presented in the previous section.

A. Power Amplifier Model

Firstly, we describe the ideally linearized PA model assumed
in this work for simplicity. Let s(t) = r(t)ejϕ(t) denote the
polar notation of the complex baseband input signal, where
r(t) and ϕ(t) are the corresponding envelope and phase,
respectively. In our analysis, we assume that the nonlinear
circuit is memoryless for simplicity. Therefore, the output
signal from a PA is expressed as

so(t) = g(r(t))ejΦ(r(t))ejϕ(t), (6)

where g(r) and Φ(t) are the time-domain envelope and phase
responses commonly referred to as AM-AM and AM-PM
characteristics, respectively. The AM-AM characteristic of the



Fig. 3. PSD of IEEE 802.11n and SHMA in the case of the ideally linearized
PA. As a reference, the spectrum mask defined in the IEEE 802.11n standard,
and the PSD of SHMA in the case of SSPA with p = 2, 6 are also shown. IBO
is chosen as 6.5 dB and 2.3 dB for IEEE 802.11n and SHMA, respectively.

ideally linearized PA model is expressed as

g(r(t)) =

{
ro,max

(
r(t)
rmax

)
, r(t) < rmax,

ro,max, r(t) ≥ rmax,
(7)

where rmax and ro,max are the maximum input and output
signal envelope levels, respectively, and they are related as

ro,max = Armax, (8)

where A is a constant amplitude gain. In the ideally linearized
PA model, AM-PM characteristic is negligible, i.e., Φ(r(t)) =
0 for any r(t). Note that the ideally linearized PA model serves
as a reference performance when the linearization techniques
such as predistortion are performed.

B. Power Spectrum Density

Let us define an input back-off (IBO) as a ratio of the
average power of the input signal to a PA and the maximum
limit in which a PA can linearly amplify, denoted by

IBO ≜ r2max

E{|s(t)|2}
, (9)

where E{·} denotes the statistical averaging. The PAPR reduc-
tion due to the Golay sequence contributes to the decrease of
IBO, which enables the PA to operate near the saturation point
and thus results in the improvement of the PA efficiency. When
the ideally linearized PA is employed, the minimum IBO
such that the resulting power spectrum density (PSD) satisfies
the spectrum mask defined in the IEEE 802.11n standard
with 20MHz mode is IBOn = 6.5 dB and IBOs = 2.3 dB,
where IBOn and IBOs denote the corresponding IBO of IEEE
802.11n and SHMA, respectively, and the resulting PSD is
shown in Fig. 3. Following the IEEE 802.11n standard, the
windowing process to suppress the effect of discontinuity
between adjacent OFDM symbols is performed.

Fig. 4. OBO for the ideally linearized PA with a given IBO when the input
is the OFDM signal used in IEEE 802.11n and SHMA.

In Fig. 3, the PSD of SHMA using solid state power
amplifier (SSPA) with IBO=2.3 dB is also shown. We adopt
the SSPA model proposed by Rapp [24] whose AM-AM
characteristic is expressed as

g(r) = ro,max
r/rmax

[1 + (r/rmax)2p]
1
2p

, (10)

where p > 0 is a smoothness factor that controls the smooth-
ness of the AM-AM conversion curve (with p → ∞ corre-
sponding to the AM-AM characteristic of the ideally linearized
PA model). It is observed that the PSD of the SHMA has
step-wise shape and its waterfall at the normalized frequency
around 1.1 is larger as p decreases, i.e., as the nonlinearity of a
PA becomes severer. This is because the envelope distribution
of the OFDM signal constructed by Golay sequence also has
step-wise shape. From this observation, it is found that in the
case of the OFDM signals with Golay sequence, the IBO
should be carefully chosen considering the characteristic of
PA as well as the required spectral mask, and the linearization
is especially beneficial in order to reduce the adjacent channel
interference.

C. Output Back-Off

Similar to IBO, we define an output back-off (OBO) as

OBO ≜
r2o, max

E{|so(t)|2}
. (11)

It can be found from this equation that for a given maximum
output signal envelope level ro, max, lower OBO means higher
output average power. In general, from given PA model and
distribution of input signal as well as its operating IBO,
OBO should be calculated numerically. Figure 4 shows the
relationship between the OBO and IBO in the case of the
ideally linearized PA with the OFDM signals defined in the
IEEE 802.11n standard and SHMA as its input. In the cases of
IBOn = 6.5 dB and IBOs = 2.3 dB, the corresponding OBO
is given by OBOn = 4.5 dB and OBOs = 1.7 dB from this



figure. Therefore, SHMA can achieve 2.8 dB gain compared
to IEEE 802.11n due to Golay sequence in the case of the
ideally linearized PA.

D. Transmission Range

In the IEEE 802.11n standard, the minimum sensitivity
of the receiving antenna is defined as -82 dBm for the data
rate of 6 Mbps. Assuming that the transmission power from
the transmitting antenna is 10 dBm, the tolerable loss at the
propagation channel is 92 dB. Using (4) and (5), the maximum
transmission distance for the IEEE 802.11n can be calculated
as

dn,max = 131m. (12)

On the other hand, since SHMA has 2.8 dB gain using Golay
sequence, the tolerable loss increases to 94.8 dB and the
maximum transmission distance thus increases as

ds,max = 158m. (13)

Furthermore, SHMA can also achieve the diversity gain and
the coding gain in addition to the PAPR reduction gain. As
shown in Section III-D, the SHMA system employing the
K = 4 SOCC has 4.7 dB gain in the NLOS environment.
Consequently, this SHMA system has 7.5 dB gain in total and
thus, the maximum transmission distance further improves as

dtotal
s,max = 215m. (14)

Note that dtotal
s,max may be further affected by the nonlinearity of

the PA. Also, dtotal
s,max may be increased if the SOCC with lower

code rate is employed.

V. CONCLUSION

In this paper, targeting the emerging applications of wireless
systems to motion controls of vehicles and machines, we have
evaluated the practical performance of the proposed SHMA
system based on the IEEE 802.11n specifications and the cor-
responding TGn channel model. Based on the comparison in
terms of the FER performances between the proposed SHMA
and the comparable mode in the IEEE 802.11n standard, it
has been demonstrated that the SHMA system achieves higher
reliability than the IEEE 802.11n standard due to the increased
diversity and coding gains, in addition to the gain associated
with reduced codeword length. Also, we have derived the
PAPR reduction gain by Golay sequence compared to the
IEEE 802.11n OFDM using the ideally linearized PA model.
Combining these gains, we have analyzed the transmission
range enhancement achieved by the proposed SHMA. Future
studies include the evaluation of latency based on the real-time
hardware implementation of the proposed system (using, e.g.,
FPGA).
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