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Abstract—Non-orthogonal multiple access (NOMA) has been
recognized as a promising technique for future radio access. In
this paper, different from [3], it is proposed that the cyclic prefix
(CP) is used in the asynchronous uplink NOMA transmission
for mitigating asynchronous effects. Through analyzing the inter-
user interference (IUI) and residual interference, it is shown that
the asynchronism can degrade the uplink NOMA users’ bit error
rate (BER) performance severely for the conventional-successive
interference cancellation (Conv-SIC) technique. By applying the
SIC-phase compensation (SIC-PC) technique and CP, the asyn-
chronous effects can be mitigated. The BER performance of near
and far users can be improved substantially, compared with other
existing successive interference cancellation (SIC) techniques.

I. INTRODUCTION

Orthogonal multiple access (OMA) has been adopted as a
main common technology in IEEE 802.16e-based Worldwide
Interoperability for Microwave Access (WiMAX) and Long
Term Evolution (LTE) standards [1]. In LTE, Orthogonal
frequency division multiple access (OFDMA) is used in the
downlink and single carrier-frequency division multiple access
(SC-FDMA) in the uplink, while WiMAX adopts OFDMA in
both the uplink and the downlink. A cyclic prefix (CP) is
appended to the beginning of an OMA symbol and discarded
at the receiver to provide the immunity against inter-symbol
interference (ISI) and inter-carrier interference (ICI) [2]. As
a result, OMA can compensate for multipath impairments
without any loss of orthogonality between subchannels. Mean-
while, for keeping orthogonal characteristics between users,
the OMA scheme does not allow frequency reuse in one
cell, which significantly limits the cell throughput [3]. Unlike
OMA, a non-orthogonal multiple access (NOMA) technique
based on the power domain can allocate a time-frequency
resource to more than one user within one cell, so that the
system-level throughput can be significantly enhanced in both
the uplink and the downlink. Therefore, NOMA has been
viewed as a promising candidate technique for future radio
access.

NOMA exploits the power domain to multiplex multiple
users, and signals of users are superposed in the time and
frequency domains. In uplink NOMA communications, the
base station (BS) receives superposed signals of users who
use the same subcarrier. As different user signals go through
various channels in the uplink, each signal of different users
experiences distinct channel gains. As a result, the user, who
has the strongest channel gain, likely has the highest received

signal power. Therefore, the BS detects the user who has the
strongest signal to noise ratio (SNR) first, and other non-
orthogonal users act as inter-user interference (IUI). Then, an
advanced signal detection technique called successive inter-
ference cancellation (SIC) [4] is implemented in a descending
order of users’ SNRs. In consideration of the complexity and
the capacity gain, a few (two or three) simultaneous users on
a subcarrier can achieve a large part of the possible gain [5].
Hence, we restrict the study in this paper to two users on a
time-frequency resource, and these two users are named near
user and far user according to the distances from them to the
BS, i.e., the near user has a stronger SNR than the far user.

NOMA has been investigated in both the downlink and
the uplink [6], and system level gains of NOMA have been
demonstrated [7]. In [8], the uplink NOMA based on OFDM
is studied. It has been shown that the uplink NOMA can obtain
superior performance to the OFDMA in view of total system
throughput and cell-edge user throughput. However, so far
most research on NOMA considers time-synchronous trans-
missions. This assumption is reasonable in the downlink sce-
nario, because the BS sends non-orthogonal users’ signals si-
multaneously. The uplink users are geographically distributed
in the cell, and the signals transmitted by users at different
distances from the BS are received with different time delays.
Besides, the transmission environment is dynamic. Therefore,
the asynchronism or imperfect synchronism possibly happens
in the uplink NOMA transmission [9]. In [3, 9, 10], an
interference cancellation technique called triangular-SIC (T-
SIC) is proposed for detecting time misaligned symbols on
a subcarrier in uplink NOMA transmissions, where the time
asynchronism causes a symbol of one user to overlap with two
symbols of another uplink NOMA user. It is noticed that the
CP is not used to compensate for the asynchronous effects in
the T-SIC process. Therefore, severe ISI and ICI may occur
due to the timing offset between NOMA users (see Fig. 1 (b)).
For focusing on the analysis of asynchronous multiple access
interference (MAI), ISI and ICI are not considered in [3] either.
Whereas, ISI and ICI may degrade the system performance
severely. Therefore, we propose that the CP is used in the
asynchronous uplink NOMA transmission for eliminating ISI
& ICI and compensating for asynchronous effects at the BS in
this paper. We investigate the effects of asynchronism in the
uplink NOMA transmission considering the CP for the first
time in the literature, to the best of our knowledge.



Moreover, it should be noted that asynchronous research
results of OFDMA cannot be applied straightforwardly to
the asynchronous uplink NOMA [10]. The asynchronism can
change the probability distribution of IUI and residual interfer-
ence (or error propagation) to affect negatively decoding in the
NOMA system. Therefore, the new analysis of asynchronous
effects in the uplink NOMA system with the CP is needed. The
objective of this paper is to investigate the uplink asynchronous
NOMA transmission considering CP. The contributions of this
paper include:

1) Through analyzing IUI and residual interference in an
asynchronous uplink NOMA scheme considering the CP, it is
shown that the asynchronous users with the conventional-SIC
(Conv-SIC) have worse bit error rate (BER) performance than
synchronous ones.

2) The SIC-phase compensation (SIC-PC) technique is
applied to decode asynchronous far user signals. The near
and far user BER performance can be improved substantially
by applying the SIC-PC and the CP, compared with using
conventional-SIC (Conv-SIC) and T-SIC [3] techniques. Fur-
thermore, the achievable rate is analyzed, where performance
comparisons between SIC-PC and T-SIC are given.

The rest of this paper is organized as follows: the asyn-
chronous uplink NOMA system model is described in Section
II, the performance analysis of asynchronous uplink NOMA
in Section III. Section IV provides representative simulation
results. Finally, Section V presents the conclusion.

II. ASYNCHRONOUS UPLINK NOMA SYSTEM MODEL
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Fig. 1. Signal representation of asynchronous far user with respect to the
time offset in the time domain.

The asynchronous uplink NOMA system based on OFDM
is considered with a BS serving two non-orthogonal users.
These two users are distributed geographically, where their
distances to the BS are different and dynamic, so the asyn-
chronous communication may occur. The received symbols
from asynchronous users on the same subcarriers in the time
domain are shown in Fig. 1. The relative timing difference
(time offset) between the two asynchronous users is defined as
AT, AT > 0. Considering the CP duration T¢p, the received
signal structure can be classified into two cases with respect

to the region of A7, which are illustrated in Fig. 1. For
concentrating on using CP for mitigating asynchronous effects,
the multipath delay is omitted here. If the maximum multipath
delay 7},,4. 1s considered, the CP length will be just increased
by Tnaz- In Fig. 1 (a), the CP is longer than the time offset.
So the considered useful signal interval only contains the first
symbols of asynchronous users without any ISI and ICI. For
Fig. 1 (b), ISI and ICI are introduced in the considered useful
signal interval. Therefore, it is assumed that the CP is long
enough for asynchronous time offset (shown as Fig. 1 (a)) in
this paper, so that ISI and ICI are perfectly eliminated.

The principles of OFDM based uplink NOMA transmitter
and receiver with the Conv-SIC/SIC-PC are presented in Fig.
2. It is assumed that the available bandwidth is divided into [V
subcarriers, which are occupied simultaneously by two non-
orthogonal users in one cell. As the power control is usually
applied in the uplink transmission [11], the power control
commands to the uplink users’ transmission are assumed
to be given system parameters here. We intend to analyze
asynchronous effects on the system performance, so the power
control strategy is beyond the scope of this paper and is not
analyzed in this paper.

At the transmitter of user k (k = 1 for the near user
and k = 2 for the far user), X} ; is the complex data
(e.g., quadrature amplitude modulation (QAM) constellation)
mapped onto the ith subcarrier as an input of the /N-point
inverse fast Fourier transform (IFFT) unit. All the QAM
symbols are assumed to be transmitted equally likely. The time
domain signal representation of the user k after IFFT is given
by

=2

—1
P = = 3 X /BN, 0 <0< N =1, (1)
where zy, ,, is the nth time sample of the user £, and j is the
imaginary unit. The average power of X}, ; is normalized to
1, ie., E[|X}:|?] = 1. Py is the transmit power of the user k,
which is determined by given power control commands. P; is
for the near user, P for the far user.

In Fig. 2, the CP is preposed at each transmitted OFDM
symbol before transmission. The near user and far user sym-
bols experience timing errors due to the propagation delay
between the uplink users and the BS. At the receiver, after
extracting the CP, the received signal can be expressed as

Il
=)

i

Yn = h121 5 + haZo, + 0y, 2

where h; and ho are channel gains of the near user and
the far user, respectively. For focusing on the effects of
asynchronism, it is assumed that signals experience indepen-
dent and identically distributed (i.i.d.) block Rayleigh fading
(P1|h1]? > Ps)h2|?) [6]. n, is the additive white Gaussian
noise (AWGN) with the average power P4. T2, is the
received signal sample from the far user in the considered
useful signal interval. After the fast Fourier transform (FFT)
process, signals in the frequency domain are obtained, i.e.,
Y = VP X1, + hov/PoXo; + 0,0 < i < N — 1. The
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Fig. 2. Block diagram of an asynchronous uplink NOMA system.

BS decodes signals of the near user and the far user in two
stages with the Conv-SIC. First, near user signals are decoded,
treating signals of the far user as noise, i.e., [UI. Then, the BS
subtracts the near user reconstructed signal, i.e., iy \/PTlXL,-,
from the received signal. At last, the decoded far user signal
Xz_yi is obtained. For the SIC-PC technique, the difference
from the Conv-SIC is that the phase compensation (PC) is
added after “SIC of near user signal” in Fig.2.

III. PERFORMANCE ANALYSIS OF ASYNCHRONOUS
UPLINK NOMA

In this section, we are concerned with asynchronous effects
on the uplink NOMA performance and the optimal PC.

A. Analysis of time-asynchronous effects

The analysis of asynchronous effects is provided in this
subsection. At the receiver, N discrete time samples from the
considered useful signal interval can be written as

Y(ntmi+me,) =P1%10 + R2T2 (nmy —mo)

0<n<N-1, 3)

+ N(ntmi+mep)>

where
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my and mo are the discrete time offsets of the near user
and the far user to the reference time respectively, i.e., AT =
maoT — m,T [10], where T is the sampling time interval and
0<|ma—mq| < % Here it is assumed that m; <
mo. For m; > mso case, the similar results below can also
be derived. m,, is the CP length. After FFT, the frequency
domain signal for decoding is given by
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where m = mgy—mq, and D1; represents the frequency domain
AWGN. The first term of (4) is the desired near user signal.
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Fig. 3. Asynchronous IUI probability density and synchronous IUI probability
(a) 16QAM, (b) 64QAM.

The second term represents the frequency domain IUI to the
near user, given by

N-1

ﬁ Z h2x27(n_m)efj27rni/N
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If these two users are synchronized, i.e., m; = mg, (5) can
be simplified as follows

N2, =V PahoXs; 6)

It can be seen that the synchronous IUI in the frequency
domain is the constellation point from the far user. For
QAM modulations, the real and imaginary parts of IUI follow
the discrete uniform distribution in the synchronous case.
However, in the asynchronous case, the probability density
function (PDF) of IUI is changed, because the phase of IUI
is interfered by the asynchronism.

Through simulations, the asynchronous IUI real part prob-
ability density (left y-axis) and the synchronous IUI real
part probability (right y-axis) for 16-QAM and 64-QAM are
shown in Fig. 3. The IUI average power is normalized to 1,
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N =512, and m = 10. It is shown that asynchronous IUI has
a wider amplitude range than synchronous IUI. Meanwhile,
Fig. 4 shows the corresponding received near user constellation
points in SNR; = 30 dB and SNR, = 17 dB. SNR; and SNR»
are the SNRs of the near user and the far user, respectively.
It can be seen that the constellation points with asynchronous
IUI and AWGN get mixed up with the adjacent constellation
points. Therefore, the BS has a higher probability to make
wrong bit decisions and to have worse BER performance for
the asynchronous near user than the synchronous one, i.e.,
BER,; > BER;;, where the subscript “a” and “s” mean
“asynchronous” and “synchronous”, respectively.

Based on the decoded near user signal Xl,i’ the recon-
structed near user’s signal is hq \/ﬁlf( 1,;- Then, subtract the
reconstructed signal from the received frequency signal Y; to
remove the interference, given by

Y, =Y; — hl\/FlXu

N—1N-1 1
= Z Z N\/ﬁzh2X2Jej2w(nz—mz—m)/N
n=0 [=0

+ VP (X1 — X1) + 9, 0<i<N—1, ()
where /Pihi(X1, — X 1,;) is the residual interference for
decoding the far user signal. v/ P>hy X5 ; is the desired far user
signal. So the signal to interference plus noise ratio (SINR) of
the far user can be formulated as

|VPho X,
[VPrhi (X1, — X14)2 + 9

The residual interference power has positive correlation with
the near user BER [12], and SINR, has negative correlation
with the residual interference. So the residual interference has
negative correlation with the near user BER. As BER,; >
BER,;, the asynchronous far user has lower SINR than the
synchronous far user, i.e., SINR,5 < SINR,,. Therefore, it can
be inferred that the asynchronous far user has worse BER per-
formance than the synchronous far user, i.e., BER,2 > BER;.

2
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For improving the asynchronous far user BER performance,
the PC is applied before decoding far user signals, as shown
in Fig. 2. Suppose that the PC is Ae’’. Hence, the Euclidean
distance between the received far user constellation point with
the PC and the far user original constellation point can be
expressed as

|Ae’Y; — \/P2ha X2, ©9)
N—1N-1 A

:| Z Z N\/EhZXZlejGej?-rr(nl7mlfni)/N
n=0 [=0
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If the received far user signal has the minimum Euclidean
distance to the original constellation point, the BS will have
better BER performance for the far user. So the minimum
Euclidean distance problem can be formed as following

1}41%1 |Ae?0Y; — \/th2X2,l| (10)
subject to
0< A, 0<6<2m, SNRy< SNR;

This problem can be solved by the Levenberg—Marquardt
algorithm [13]. The solution is A =1 and 6 = 27mi/N.

B. Achievable rate comparison

In this subsection, the theoretical analysis from an infor-
mation theoretic point of view is provided to compare the
achievable rates between SIC-PC and T-SIC based NOMA
systems. As we want to obtain the user achievable rate, it is
assumed that IUI follows Gaussian distribution and the BS
can ideally remove interference in the SIC process. As we
use the CP to mitigate asynchronous effects, the longer CP is
needed for the SIC-PC and Conv-SIC techniques than for the
T-SIC technique. For focusing on the asynchronous effects on
the user achievable rate, it is supposed that channel maximum
multipath delays 7},,,, of the two users are 0. Therefore, in
SIC-PC based uplink NOMA systems, the near user’ shortest
CP for mitigating asynchronous effects is A7. Therefore, the
users’ achievable rates normalized to one unit bandwidth for
the SIC-PC can be written as

NT Py|hy]?
Rpr= — ogy (14— 1M
PL= NT ¥ A7 OgQ( * Bolhal? + Pa
P ‘h |2 (11
Rpy = log, <1+ b )
Py

For the T-SIC technique, the CP is only used to mitigate effects
of multipath signals [3]. So the shortest CP of these two users
for mitigating asynchronous effects are both 0. Achievable
rates for the T-SIC are represented as

P1|h1‘2
PZVL2|2 + Py

P2‘h2|2
Py

R = 10g2 <1 +
(12)

Rpy = log, <1 +
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Fig. 5. QPSK and 16-QAM BER performance in the asynchronous uplink
NOMA (a) QPSK in SNR; = 16 dB, (b) 16-QAM in SNR; = 30 dB.

From (11) and (12), it can be clearly seen that the SIC-
PC for the far user has the same achievable rate as the T-
SIC. However, the SIC-PC for the near user achieves lower
achievable rate than the T-SIC. As the SIC-PC and Conv-SIC
use the same CP length, asynchronous uplink users with these
two techniques have the same achievable rates.

IV. NUMERICAL RESULTS

In this section, simulation results are provided for eval-
uating the asynchronous uplink NOMA BER and capacity
performance with different SIC techniques. The simulation
environment takes a two-user uplink transmission scenario in
a single-cell. It is assumed that an OFDM symbol includes
512 subcarriers, and the BS has perfect channel knowledge.
All SIC processes are only the single iteration.

Fig. 5 and 6 show the uplink NOMA users’ BER perfor-
mance of Conv-SIC, T-SIC and SIC-PC techniques for QPSK,
16-QAM, 64-QAM and 128-QAM constellations with differ-
ent time offsets (m = 0, 10, 20, 30, 40), where m = 0 means
that these two uplink users are synchronized. It can be easily
inferred that users can obtain the same BER performance by
Conv-SIC, T-SIC and SIC-PC techniques in m = 0. In Fig.5,
the near user SNR; is set to be 16 dB in QPSK and 30 dB in
16-QAM, and the far user SNRy is varied to investigate the
BER performance. When the Conv-SIC is employed, only the
near user can obtain low BER, but the asynchronous far user
(m = 10,20) cannot achieve reliable communications. This
is because of rotations of the far user constellation points as
shown in (7), which degrade the far user BER performance.
The asynchronous near user (m = 10, 20) BER performance
with the Conv-SIC is also degraded slightly compared with
the synchronous case (m = 0), because the asynchronous
IUI could interfere near user signals more severely than the
synchronous IUI (as shown in Fig. 3 and 4).
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Fig. 6. 64-QAM and 128-QAM BER performance in the asynchronous uplink
NOMA (a) 64-QAM in SNR; = 40 dB, (b) 128-QAM in SNR; = 45 dB.

In [3], the T-SIC technique is proposed to decode the asyn-
chronous overlapped symbols. However, the T-SIC technique
does not use the CP to compensate for the asynchronous
effects. So ISI and ICI are introduced to the T-SIC decoding
process due to the asynchronous time offset. Here, we are
concerned with effects of ISI and ICI on the BER performance.
So we propose that the Conv-SIC and SIC-PC use the long
enough CP to eliminate ISI and ICI. Moreover, the PC is
implemented according to (10), i.e., the received far user
signals are multiplied by e/2™™/N after “SIC of near user
signal” process in Fig. 2. It can be seen from Fig. 5 that
the asynchronous near user BER performance with the T-
SIC is degraded compared with the Conv-SIC and SIC-PC,
because the CP length of the T-SIC technique cannot cover
the asynchronous time offset. The asynchronous far user BER
performance with T-SIC is degraded considerably by ISI and
ICI in discrete time offsets m = 10, 20. By applying the SIC-
PC technique and the CP for mitigating asynchronous effects,
ISI and ICI can be eliminated. Simulation results show that
the near user BER performance can be increased by using
the CP to mitigate asynchronous effects compared with the
T-SIC, and the far user BER performance can be improved
substantially by applying the SIC-PC, compared with Conv-
SIC and T-SIC techniques in the asynchronous uplink NOMA
transmission. Similarly, the same conclusions can be obtained
for the 64-QAM and 128-QAM constellations from Fig.6. It
is also noted that the BER performance of the far user with
the SIC-PC technique is still high, and error correcting codes
should be used here. However, there is limited space for this
paper, and the coded performance may be investigated in the
future research.

Based on the analysis in Section III-B, the rate regions of
asynchronous uplink NOMA systems with the SIC-PC and T-
SIC are plotted in Fig. 7. As the T-SIC technique does not
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use the CP to deal with the asynchronism, the CP length
does not increase. The users with T-SIC can obtain the same
rate region in asynchronous and synchronous transmissions.
Synchronous users (m = 0) with SIC-PC can obtain the same
region as T-SIC users. The asynchronous near user’s shortest
CP length with SIC-PC is Tcp = A7 = mT for mitigating
asynchronism. The cases of little asynchronism (m = 10, 30)
and high asynchronism (m = 60, 120) are considered. It can
be obtained that as the asynchronous time offset A7 gets
greater, the asynchronous near user achievable rate with SIC-
PC gets decreased because of the longer CP. Hence, the SIC-
PC technique can be used to mitigate effects of relatively little
asynchronism cases considering the achievable rate reduction.

V. CONCLUSION

In the asynchronous uplink NOMA transmission, different
from the existing T-SIC technique [3], we propose using the
CP to mitigate asynchronous effects in this paper. Through
analyzing IUI and residual interference, it is shown that the
asynchronous effects decrease the near and far user BER per-
formance. Especially, the far user has severe BER performance
degradation. The near user BER performance can be increased
by using the CP to mitigate asynchronous effects compared
with the T-SIC technique, and the asynchronous far user BER
performance can be improved substantially by applying the
SIC-PC, compared with the Conv-SIC and T-SIC techniques.
As the CP is used to mitigate asynchronous effects, the near
user achievable rate is reduced, which is a tradeoff between the
BER performance and the achievable rate. Therefore, the CP
and SIC-PC are suitable for mitigating the effects of relatively
little asynchronism cases and should be considered in the
practical asynchronous uplink NOMA transmission.
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