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' Abstract

In recent years, non-orthogonal multiple access (NOMA) has attracted a lot of attention as a novel and promising power-domain us-

er multiplexing scheme for Long-Term Evolution (LTE) enhancement and 5G. NOMA is able to contribute to the improvement of

the tradeoff between system capacity and user fairness (i.e., cell-edge user experience). This improvement becomes in particular

emphasized in a cellular system where the channel conditions vary significantly among users due to the near-far effect. In this arti-

cle, we provide an overview of the concept, design and performance of NOMA. In addition, we review the potential benefits and is-

sues of NOMA over orthogonal multiple access (OMA) such as orthogonal frequency division multiple access (OFDMA) adopted

by LTE, and the status of 3GPP standardization related to NOMA.
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1 Introduction

ignificant gains in system capacity and quality of us-

er experience (QoE) are required to respond to the

anticipated exponential increase in the volume of

mobile traffic in the next decade and the merge of en-
hanced mobile broadband (eMBB) services [1]. In cellular mo-
bile communications, the design of the radio access technology
(RAT) is one important aspect for improving system capacity in
a cost-effective manner. Radio access technologies are typical-
ly characterized by the radio frame design, waveform design,
multiple - input and multiple - output (MIMO) transmission
scheme, and multiple access scheme. In particular, the design
of the multiple access scheme is of great importance from a sys-
tem perspective, since it provides the means for multiple users
to access and share the system resources efficiently and simul-
taneously, e.g., frequency division multiple access (FDMA),
time division multiple access (TDMA), code division multiple
access (CDMA), and orthogonal frequency division multiple ac-
cess (OFDMA). In the 3.9G and 4G mobile communication sys-
tems such as Long-Term Evolution (LTE) and LTE-Advanced
[2], standardized by the 3rd Generation Partnership Project
(3GPP), orthogonal multiple access (OMA) based on OFDMA
for downlink and single carrier (SC)-FDMA for uplink are ad-
opted. Orthogonal multiple access is a good choice for achiev-
ing good system-level throughput performance in packet-do-
main services with a simplified receiver design. However, non-
orthogonal designs become of interest toward further enhance-
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ment of the system efficiency and QoE especially at the cell
edge.

Recently, there have been several investigations on ad-
vanced schemes for non-orthogonal signal transmission within
a user and non - orthogonal user multiplexing among multiple
users. For example, Faster-than-Nyquist (FTN) signaling [3] is
one approach for non -orthogonal signal transmission within a
user by exploiting the excess bandwidth of the signal. Inter-
leaved division multiple access (IDMA), where the channeliza-
tion of respective user is achieved by the user-specific channel
interleaver and multiuser detection at the receiver, is investi-
gated to accommodate a large number of low-rate users [4], [5].
However, these schemes do not exploit the channel difference
among users and generally require high complexity receivers
for signal separation.

As a novel multiple access approach, a non-orthogonal mul-
tiple access (NOMA) scheme was proposed by NTT DOCOMO
[6]-[18] including the author of this article. In the proposed
NOMA, multiple users of different channel conditions are mul-
tiplexed in the power-domain on the transmitter side and multi-
user signal separation on the receiver side is conducted. From
an information - theoretic perspective, it is well-known that by
using superposition coding at the transmitter and successive in-
terference cancellation (SIC) at the receiver, non-orthogonal us-
er multiplexing not only outperforms orthogonal multiplexing,
but also can achieve the capacity region of the downlink broad-
cast channel [12], [19], [20]. NOMA can be also applied to the
uplink (multiple access channel) [12], [15], [19]. For uplink, al-
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though both NOMA and OMA can achieve the capacity region,
NOMA also provides improvements in the tradeoff of system
capacity and user fairness (i.e., the cell-edge user experienced
data rate) [12], [19].

Assuming a proportional fairness (PF) scheduler, the perfor-
mance of NOMA has been heavily investigated for downlink
and uplink from the system-level and link-level perspectives
[6]-[18]. In addition, the transmitter and receiver designs for
NOMA were considered for both closed-loop and open-loop MI-
MO and for both successive interference cancellation and non-
SIC receivers [16], [17]. When applied to either downlink or
uplink, NOMA is shown able to contribute to the improvement
of the tradeoff between system capacity and user fairness. This
improvement becomes in particular emphasized in a cellular
system where the channel conditions vary significantly among
users due to the near-far effect.

In this article, we introduce an overview of the concept, the
design with a combination of MIMO and the performance of
NOMA. We also review the potential benefits and issues of NO-
MA over orthogonal multiple access, and the status of standard-
ization related to downlink NOMA, known as multi-user super-
position transmission (MUST ) in 3GPP.

The rest of this paper is organized as follows. Section 2 de-
scribes the concept. Section 3 discusses the expected benefits
and issues of NOMA. Section 4 explains the combination of
NOMA with MIMO. Section 5 reviews the performance of NO-
MA from link-level and system-level evaluations and trial re-
sults. In addition, the status of NOMA standardization in 3GPP
LTE Release 14 is briefly summarized. Finally, Section 6 con-
cludes the paper.

2 NOMA Concept

2.1 Downlink
Fig. 1 illustrates downlink NOMA with SIC for the case of

one base station (BS) and two user equipments (UEs).

For the sake of simplicity, we assume in the following de-
scriptions the case of single transmit and receive antennas.
The overall system transmission bandwidth is assumed to be 1
Hz. The base station transmits a signal for UE-i 1 = 1, 2), «,,
where E[lx/’] = 1, with transmit power P, and the sum of P; is
equal to P. In NOMA, x, and x, are superposed in the power-
domain as follows:

x=JF]xI+JP_2x2, (1)

Thus, the received signal at UE-i is represented as
yi=hx+w,, (2)

where h; is the complex channel coefficient between UE-i and
the BS. The variable w: denotes additive white Gaussian noise
(AWGN) including inter-cell interference. The power speciral
density of w; is Np;. In downlink NOMA, the SIC process is im-
plemented at the UE receiver for the case where the decoding
of the signal of desired UE and that of the superposed signals
of other UEs are needed. The optimal order for SIC decoding is
in the order of decreasing channel gain normalized by noise
and inter - cell interference power, |hl*/No; (called as simply
channel gain in the following). Given this decoding order and
assuming that any user can correctly decode the signals of oth-
er users whose decoding order comes before the corresponding
user, each UE-i can remove the inter-user interference from
the j-th user whose Ih*/Ny; is lower than |hl*/Ny;. In a 2-UE
case, assuming that 1h,I’/No; > 1h,I*/No,, UE-2 does not perform
interference cancellation since it comes first in the decoding
order. UE-1 first decodes x, and subtracts its component from
the received signal yi, then next, x, is decoded without interfer-
ence from x,. Assuming successful decoding and no error prop-
agation, the throughput of UE-7, R;, can be represented as

Pk P Plh,P
R =log,|1+— | R =log,| 1 +—22 | 3
1 ng[ N, ) 2 ng( Pllhzlz_l_N(mj A3)

From (3), it can be seen that power allocation for each UE

Power-domain user multiplexing

Frequency

UE-1 with SIC receiver

SIC of UE-2 signal
o Z 7

signal decoding

Power Smaller power allocation

for UE-1 (cell-center UE)

Larger power allocation

for UE-2 (cell-edge UE)

émé

w UE-2 without SIC receiver

UE-1 UE-2

signal decoding

greatly affects the user throughput performance and
thus the modulation and coding scheme (MCS) used
for data transmission of each UE. By adjusting the
power allocation ratio, P\/P,, the BS can flexibly con-
trol the throughput of each UE and also optimize trad-
eoff between the system capacity and user fairness.
By flexibly adjusting power allocation, the BS can
control the throughput of each UE such that the sig-
nal designated to each UE is decodable at its corre-
sponding receiver. Also, since the channel gain of the
cell-center UE is higher than cell-edge UE, as long as
the cell-edge UE signal is decodable at cell-edge UE
receiver, its decoding at the cell -center UE receiver

BS: base station ~ SIC: successive interference cancellation  UE: user equipment

can be successful with high probability.

AFigure 1. Illustration of downlink NOMA with SIC.
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For OMA as orthogonal user multiplexing, the
bandwidth of a Hz (0 < a < 1) is assigned to UE-1



and the remaining bandwidth, 1 —o Hz, is assigned to UE-2.
The throughput of UE-i, R;, is represented as

B P h [ B P}
1131—0110g2(1+0dv0’1 =(1-a)log, l+m .4

In NOMA, the performance gain compared to OMA increas-
es when the difference in channel gains, e.g., path loss be-
tween UEs, is large. For example, as shown in Fig. 2, we as-
sume a 2-UE case with a cell-interior UE and a cell-edge UE,
where |h,I"/No, and |h.I"/ Ny, are set to 20 dB and 0 dB, respec-
tively. For OMA with equal bandwidth and equal transmission
power are allocated to each UE (a = 0.5, P, = P, = 1/2P), the
user rates are calculated according to (4) as R, = 3.33 bps and
R, = 0.50 bps, respectively. On the other hand, for NOMA,
when the power allocation is conducted as P, = 1/5P and P, =
4/5P, the user rates are calculated according to (3) as R, =
4.39 bps and R, = 0.74 bps, respectively. The corresponding
gains of NOMA over OMA are 32% and 48% for UE-1 and UE-
2, respectively. According to this example where a 20 dB signal
-to-noise ratio (SNR) difference between the 2 UEs is assumed,
it can be seen that NOMA provides a higher sum rate than
OMA.

2.2 Uplink

Fig. 3 illustrates uplink NOMA where two UEs transmit sig-
nals to the BS on the same frequency resource and at the same
time, and SIC is conducted at BS for UE multi-user signal sepa-

éUF 2 (SNR = 0 dB)

UE-1 (SNR =20 dB)

OFDMA NOMA

BWx1/2  BWx1/2
5 = 7,@@:"5
é] UEA)\/( UE2 ¢> é] UED sl
R=3.33 bps/Hz Freq. R=4.39 bps/Hz (+32%) Freq.
R,:=0.50 bps/Hz R,=0.74 bps/Hz (+48%)

BW: bandwidth
NOMA: non-orthogonal multiple access
OFDMA: orthogonal frequency division multiple access

SNR: signal-to-noise ratio
UE: user equipment

A Figure 2. Simple comparison example between NOMA and OFDMA
for downlink.

Received signal
of UE-1

Received signal

of UE-2
I —— i e — H
; UE-1 | |1 [ SICof B2 | !
1 signal i UE-1 signal i
EO_) decoding " signal ™ decoding [~ E
1)

BS: base station  SIC: successive interference cancellation UE: user equipment

AFigure 3. Uplink NOMA with SIC applied at BS receiver.
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ration. Similar to downlink, we assume the case of single trans-
mit and receive antennas, and the overall system transmission
bandwidth is 1 Hz. The signal transmitted by UE-i (i = 1, 2) is
denoted as x;, where E[lx/’] = 1, with transmit power P. In up-
link NOMA, the received signal at BS is a superposed signal of
21 and x, as follows:

y=hlﬁx1+h2\/P72x2+w, 5)

where h; denotes the complex channel coefficient between UE-
i and the BS. The variable w denotes inter - cell interference
and noise observed at the BS with a power spectral density of
No. We assume UE-1 is the cell-center user and UE-2 is the
cell-edge user, i.e. 1h\|*/N; > |h:I’/Ny, and the BS conducts SIC
according to the descending order of channel gains. The
throughput of UE-i, denoted as R;, assuming no error propaga-
tion can be calculated as

P|h[ Py|h,f
— L |R,=1 , (6)
N()

R, =log,| 1+ 5
P,|h,[ +N,

If the BS conducts SIC according to the ascending order of
channel gains, the throughput of UE-i can be calculated as

2
R =1 P | g -
,=log,| 1+ ,R,=log,| 1 +
Ny

P
— | )

Interestingly, the total UE throughput is the same regardless
of the SIC order of descending order or ascending order of
channel gain, i.e.

R _ Plh,[ +Py|h,[

(+tR,=log,| 1 + i . (8)
0

However, the conclusion that the total UE throughputs of dif-
ferent SIC orders are equal only holds under the assumption of
no error propagation. In practical systems where we have error
propagation, the best SIC order is in the decreasing order of
channel gains.

For OMA, we assume the bandwidth of o Hz (0 < a < 1) is
assigned to UE-1 and the remaining bandwidth, 1—a Hz, is as-
signed to UE-2. The throughput of UE-i can be calculated as

1| 1!

P,|h,[

R =al 1+ — .
=alog, (1 _ a)NO ©)

=(1-a)log,| 1+

One comparison example of OMA and NOMA is shown in
Fig. 4 by assuming a 2-UE case with a cell-center UE and a
cell-edge UE, where |h,I"/N, and |h.I"/N; are set to 20 dB and 0
dB, respectively. For OMA, we assume equal bandwidth is allo-
cated to each UE (i.e., a = 0.5), the user rates are calculated
according to (9) as R; = 3.33 bps and R, = 0.50 bps, respective-
ly. On the other hand, in NOMA the total transmission power
of each UE is assumed the same as that in OMA, the user rates

are calculated according to (6) as R, = 5.10 bps and R, = 0.59
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é;\\mz(wa =0dB)

i %
' UE-1 (SNR =20 dB)

NOMA
(Assuming the total power of UE-1 and
UE-2 is the same as that in SC-FDMA)

Rx power

still be achieved. In fact, user demultiplexing is en-
sured via the allocation of large power difference be-
tween paired UEs and the application of SIC in pow-
er-domain. The UE with high channel gain (e.g., UE-
1 in Figs. 1 and 2) is allocated less power and the
UE with low channel gain (e.g., UE-2 in Figs. 1 and
2) is allocated more power. Such large power differ-
ence facilitates the successful decoding and the can-

cellation of the signal designated to UE-2 (being al-

Ri=0.5log:(1+100)=3.33 bps/Hz
R,=0.5log:(1+1)=0.05 bps/Hz
Ri+R,=3.83 bps/Hz

R+ R.= 5.69 bps/Hz (+46%)

BW: bandwidth
NOMA: non-orthogonal multiple access
SC-FDMA: single-carrier frequency division multiple access

R =1og:(1+100/(0.5+1)) = 5.10 bps/Hz (+53%)
Ro= logo(140.5/1) = 0.59 bps/Hz (+18%)

SNR: signal-to-noise ratio
UE: user equipment

located high power) at UE-1 receiver and thus less
complex receivers such as SIC can be used. In addi-
tion, at UE-2 receiver, the signal designated to UE-
2 is decoded directly by treating the interference
from the signal designated to UE-1 (being allocated

low power) as noise.

AFigure 4. Simple comparison example of NOMA and SC-FDMA for uplink.

bps, respectively. The total UE throughput gain of NOMA over
OMA is 46%. Therefore, for uplink NOMA, we can obtain simi-
lar performance gain as that for downlink NOMA.

3 Expected Benefits and Issues of NOMA

3.1 Benefits

NOMA is a promising multiple access scheme for the future
owing to the following expected benefits.

1) Exploitation of channel gain difference among users

Unlike OMA (OFDMA) where the channel gain difference
among users is translated into multi-user diversity gains via fre-
quency-domain scheduling, in NOMA the channel gain differ-
ence is translated into multiplexing gains by superposing in
the power-domain the transmit signals of multiple users of dif-
ferent channel gains. As shown in Figs. 1 and 2, by exploiting
the channel gain difference in downlink NOMA, both UEs of
high and low channel gains are in a win-win setup. Indeed,
UEs with high channel gain (bandwidth-limited UEs) lose a lit-
tle by being allocated less power, but can gain much more by
being allocated more bandwidth, while UEs with low channel
gain (power-limited UEs) also lose only a little by being allocat-
ed little less power and “effective” bandwidth (because of be-
ing interfered by the signal designated to the other UEs with
high channel gain) but gain much more by being allocated
more bandwidth. This win-win situation is also the main reason
why NOMA gains over OMA increase when the difference in
channel gains between NOMA paired UEs becomes larger [8].

2) Intentional non-orthogonality via power-domain user mul-
tiplexing and advanced receiver processing

NOMA is a multiplexing scheme that utilizes an additional
new domain, i.e., the power domain, which is not sufficiently
utilized in previous systems. For downlink NOMA, non-orthog-
onality is intentionally introduced via power-domain user mul-
tiplexing as shown in Fig. 5; however, quasi-orthogonality can

June 2017 Vol.15 No. S1
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On the other hand, NOMA captures well the evo-
lution of device processing capabilities, generally
following Moore’ s law, by relying on more advanced receiver
processing such as SIC. In the same spirit, but for the purpose
of inter-cell interference mitigation, network -assisted interfer-
ence cancellation and suppression (NAICS), including SIC, is
being discussed in LTE Release 12 [21]. Thus, NOMA is in
fact a natural direction to extend the work in 3GPP on NAICS
in LTE Release 13 and beyond, as it should be much easier to
apply advanced receiver to deal with intra - cell interference
than inter - cell interference. Moreover, the issue of the in-
creased overhead is common to both intra-cell and inter-cell
SIC since the signaling the information related to the demodu-
lation and decoding of other UEs is needed. The signaling over-
head issue is discussed later.
3) Robust performance gain in practical wide area deploy-
ments and high mobility scenarios
NOMA relies on power-domain instead of spatial domain for
user multiplexing. Therefore, the knowledge of the transmitter
of the instantaneous frequency-selective fading channels such
as the frequency -selective channel quality indicator (CQI) or
channel state information (CSI) is mainly used at the receiver
for user pairing and multi-user power allocation. Thus, NOMA
does require less fine CSI feedback compared to multi-user MI-
MO (MU -MIMO) and a robust performance gain in practical
wide area deployments can be expected irrespective of UE mo-
bility or CSI feedback latency.
In [9], downlink NOMA is shown to maintain good gains

OFDMA

s =

Freq.

NOMA: non-orthogonal multiple access
OFDMA: orthogonal frequency division multiple access

AFigure 5. User multiplexing in power and frequency domains using
NOMA.



compared to OMA in particular with wideband scheduling.
Thus, NOMA can be a promising multiple access to provide a
good robustness to mobility by mainly relying on receiver side
CSI and signal processing.

3.2 Issues
In the following, we discuss several issues regarding down-
link NOMA, such as signaling overhead and receiver design.

3.2.1 Signaling Overhead

1) Multi-user scheduling

For OFDMA, both subband and wideband multi-user sched-
uling can be generally considered for frequency-domain sched-
uling. For the case of LTE which adopts OFDMA, irrespective
of subband or wideband scheduling, the same channel coding
rate (including rate matching) and data modulation scheme are
assumed over all the subbands allocated to each single user.
Thus, MCS selection is always wideband. However, when NO-
MA is applied over LTE and the user pairing and power alloca-
tion are conducted over each subband, a mismatch occurs be-
tween MCS selection granularity (i.e., wideband) and power al-
location granularity (i.e., subband). Such a mismatch prevents
the full exploitation of NOMA gains [14]. Thus, MCS selection
over each subband, if introduced in 5G, could be beneficial for
NOMA. On the other hand, when the NOMA user pairing and
power allocation are conducted over each subband, the signal-
ing overhead increases linearly with the number of subbands.
Therefore, considerations on signaling overhead and perfor-
mance tradeoffs need to be taken into account in the design of
NOMA.

2) Multi-user power allocation

Because of the power-domain user multiplexing of NOMA,
the transmit power allocation (TPA) to one user affects the
achievable throughput of that user and also the throughput of
other users. The best performance of downlink NOMA can ob-
viously be achieved by exhaustive full search of user pairs and
dynamic transmit power allocations. In case of full search pow-
er allocation (FSPA), all possible combinations of power alloca-
tions are considered for each candidate user set. However, FS-
PA remains computationally complex. Moreover, with such dy-
namic TPA, the signaling overhead associated with decoding
order and power allocation ratio increases significantly. In or-
der to reduce the signaling overhead associated with multi-us-
er transmit power allocation of NOMA and to clarify the degree
of impact of user pairing on the performance of NOMA, both
exhaustive and simplified user pairing and power allocation
schemes were explored [9]. In NOMA, users with large channel
gain difference (e.g., large path-loss difference) are paired with
high probability; thus, considering practical implementations,
user pairing and TPA, could be simplified by using pre - de-
fined user grouping and fixed per - group power allocation
(FPA), where users are divided into multiple user groups ac-
cording to the magnitude of their channel gains using pre-de-
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fined thresholds or according to their selected MCS level [15].
Pre-defined user grouping and fixed TPA can be promising in
practical usage when the potential saving in signaling over-
head is taken into account. For example, the order of SIC and
information on power assignment do not need to be transmitted
in every sub-frame but rather on a longer time scale.

For uplink NOMA, since the user separation process is im-
plemented at the base station, we do not see a significant in-
crease in the signaling overhead. In addition, the conventional
control signaling assumed in LTE or LTE-Advanced may be re-
used in a straightforward manner.

3.2.2 Receiver Design and Resource Alignment

In practice, the impact of the receiver on NOMA perfor-
mance remains as one concern. For the cell - edge UE, ad-
vanced receiver technologies may not necessarily be applied
since the received signal power for this UE is greater than that
for the cell-center UE, i.e., interfering UE. On the other hand,
in order to decode the received signal for the cell-center UE,
the application of interference cancellation is inevitable since
the signal for the cell-center UE is significantly contaminated
by that for the cell-edge UE in the same time and frequency re-
sources. There are two types of interference cancellation re-
ceivers: symbol - level interference cancellation (SLIC) and
codeword level interference cancellation (CWIC). For both re-
ceivers, the received data symbols for the cell - edge UE are
first de-modulated by multiplying the received signal with the
maximal ratio combining (MRC) weight or minimum mean
squared error (MMSE) receiver, then the Log-likelihood ratio
(LLR) corresponding to those de-modulated symbols are calcu-
lated.

For the CWIC, a sequence of LLRs which is called code-
word is input to the Turbo decoder and a sequence of posteriori-
LLRs is generated. After interleaving the sequence of posteri-
ori - LLRs, the interleaved LLRs are used to calculate a soft
symbol replica for the cell -edge UEs. On the other hand, for
the SLIC, those LLRs are directly used to generate a symbol
replica for the cell-edge UE.

The decoding performance of CWIC is basically better than
that of SLIC. However, it is important to note that resource
alighment and transmission power alignment highly impact the
system performance and largely affect the receiver complexity
and signaling overhead. For example, resource alignment
among the paired UEs would be needed to facilitate the CWIC;
however such a scheduling restriction may degrade the system-
level performance due to reduction in scheduler flexibility and
thus in the gains of frequency-domain scheduling. Also, some
limitations on the UE pairing for the retransmissions need to
be taking into account. On the other hand, when SLIC (e.g., re-
duced complexity ML, (R-ML)) is applied, such restrictions re-
lated to resource allocation and retransmission can be relaxed
and the frequency - domain scheduling gain can be obtained
[25]. These tradeoffs need to be taken into account in the re-
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ceiver choice.

4 Combination of NOMA and MIMO

MIMO is one of the key technologies to improve spectrum ef-
ficiency in LTE/LTE-Advanced. In general, MIMO techniques
can be categorized into single-user MIMO (SU-MIMO), where
only one UE is served in data transmission, and MU - MIMO,
where more than one UE are served in data transmission. Be-
cause MIMO technology exploits spatial domain and NOMA ex-
ploits power domain, these two technologies can be combined
to further boost the system performance. In single-input single-
output (SISO) and single-input multiple-output (SIMO) down-
link, the broadcast channel is degraded where superposition
coding with SIC and dirty paper coding (DPC) are equivalent
and optimal from the viewpoint of the achievable capacity re-
gion. However, for the downlink MIMO case, the broadcast
channel is non - degraded and the superposition coding with
SIC receiver becomes non-optimal, although DPC remains opti-
mal [12], [19], [20]. These aspects need to be taken into ac-
count when NOMA is combined with MIMO.

4.1 Downlink
There are two major approaches to combine downlink NO-
MA and MIMO technologies (Fig. 6).

One approach is to use NOMA technique to create multiple
power levels and apply SU-MIMO and/or MU-MIMO technique

inside each power level. For example for NOMA with SU-MI-
MO (2x2), with up to 2 user multiplexing in the power-domain,
non-orthogonal beam multiplexing enables up to 4 beam multi-
plexing using only 2 transmit antennas. In addition, the combi-
nation of NOMA with SU-MIMO can involve both open-loop
MIMO (e.g., space frequency block coding (SFBC), large delay
cyclic delay diversity (CDD)) and closed-loop MIMO (based on
CSI such as the precoder indicator, channel quality indicator
(CQI), rank indicator feedback by users)). Open -loop MIMO
schemes when combined with NOMA are expected to provide
robust performance in high mobility scenarios.

The other approach is to convert the non-degraded 2x2 MI-
MO channel into two degraded 1x2 SIMO channels, where NO-
MA is applied over each equivalent 1x2 SIMO channel sepa-
rately, as shown in Fig. 7 [10]. For this scheme, multiple trans-
mit beams are created and superposition coding of signals des-
ignated to multiple users is applied within each transmit beam
(i.e., intra-beam superposition coding). At the user terminal,
the inter-beam interference is first suppressed by spatial filter-
ing only by using multiple receive antennas, then multi-signal
separation (e.g., SIC) is applied within each beam. This
scheme can be considered as a combination of NOMA with MU-
MIMO where fixed rank 1 transmission is applied to each user;
thus, a large number of users would be required to obtain suffi-
cient gains [11].

The combination of NOMA with SU-MIMO is illustrated in
Fig. 8 [20]. At the left side is the case of 2x2 SU-MIMO and at

NOMA+1x2 SIMO 2-layer transmission using
i 1 transmit antenna
\
. i SIC of UE-2{ [UE-1 sienal
’ w7, signal decoding
BS e & E——
) OIRE | tccoding
UE-2 =
4-layer transmission usin,
NOMA+2x2 MIMO 2ytransmit antennas i
NOMA+MU-MIMO
NOMA+SU-MIMO \g % .
-0 e} [FEz
- . | | decoding

----- 8. | [Sicoroes [Uidaema . ’

A &z O~1EE - signal | decodme | A 7 h 7

£ 77 ol irc bl SIC of UE-2 | JUR- T signal] |
G &UE-4 signal| |~ decoding
UE-1
SIC of UE-2 [ | UE-3 signal
s _..__ . BS o0 &UE-4 signal decoding [~
ED 0@' UE-2 signal UE-3 ~
UE. decoding /. UE-4 signal
S — 1he decoding [~
UE-4

BS: base station MIMO: multiple-input and multiple-output ~ NOMA: non-orthogonal multiple access SIMO: single-input multiple-output ~ UE: user equipment
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AFigure 6. NOMA extension from 1x2 SIMO to 2x2 MIMO.
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NOMA+2x2 MIMO
NOMA +Random Beamforming

further separate the two user groups in the
spatial domain. It can be seen that for the
same MIMO antenna configuration, the
same number of data streams are supported

d ~ JUEL signal 4 | in uplink and downlink.
o] decoding
e 8 ol TR R |l it 5 Performance of NOMA
U /) . 5.1 NOMA Link-Level Performance
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= decading For the case of downlink NOMA with two

BS: base station
IRC: interference rejection combining

MIMO: multiple-input and multiple-output
NOMA: non-orthogonal multiple access

SIC: successive interference cancellation
UE: user equipment

UEs, we verified the effectiveness of CWIC
for NOMA and the block error rate (BLER)

performance of cell - center UE by evaluat-

AFigure 7. Downlink NOMA combined with 2x2 MIMO using random beamforming and

applying IRC-SIC receivers.
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Closed-Loop MIMO: TV4 r=osr &,
0.4Pperlayer UE-2
® EQPA among layers per user o UE—21
signal =
® F'SPA among users decoding

BS: base station
EQPA: equal power allocation
FSPA: full search power allocation
LTE: Long-Term Evolution
MIMO: multiple-input and multiple-output

NOMA: non-orthogonal multiple access
SIC: successive interference cancellation
SU-MIMO: single-user MIMO
UE: user equipment

AFigure 8. Downlink NOMA with SIC combined with SU-MIMO
(2x2 MIMO, 2-UE).

the right side is the combination of NOMA with 2x2 SU-MIMO
(N, = N, = 2), where the number of multiplexed UEs is 2. UE-1
and UE-2 are NOMA paired cell-center and cell-edge users, re-
spectively.

By combining NOMA with SU-MIMO, up to 4 -layer (4 -

beam) transmission is enabled using only 2 transmit antennas.

4.2 Uplink

Examples about uplink NOMA combined with MIMO assum-
ing 2x2 antenna configuration are shown in Fig. 9. For the
case of NOMA combined with SU-MIMO (left side), the UEs
are separated in the power domain, and the spatial domain is
used to multiplex multiple data streams of a single UE. For the
case of NOMA combined with MU-MIMO (right side), UEs are
separated in both power and spatial domains, i.e., within each
user group of {UE-1, UE-2} and {UE-3, UE-4}, users are sepa-
rated in the power domain. Among the {UE-1, UE-2} and {UE-
3, UE-4} user groups, MU-MIMO transmission is applied to
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ing link - level simulations. The number of
transmit and receive antennas are both set
to 2 and open - loop transmission mode 3
(TM3) is assumed as SU-MIMO transmission [16]. It is shown
that almost the same BLER performance is obtained for NOMA
with ideal SIC and CWIC. In addition, the power ratio (UE-1:
UE-2 = P:P,, P, + P, = 1.0, P, < P,) for which the error propa-
gation becomes dominant was investigated. The SIC error prop-
agation increases for power sets with larger power ratio. In ad-
dition, the performance degrades with smaller values for the
power ratio due to the increase of channel estimation error for
the cell-center UE. Therefore, it would be important to limit
the power sets to be used by the scheduler in order to maxi-
mize NOMA gains by limiting error propagation and the impact
of channel estimation error, and ensuring that all chosen MCS
combinations are decodable.

5.2 NOMA System-Level Performance

NOMA system - level performance has been investigated
heavily with and without MIMO for both downlink and uplink.
The multi-cell system-level simulation parameters are basical-
ly compliant with existing LTE specifications for an urban mac-
ro (UMa) scenario. The cell radius of the macro cells is set to
289 m (inter-site distance (ISD) = 500 m). 10 UEs are dropped
randomly following a uniform distribution and full buffer traffic
is assumed. Assuming proportional fairness scheduling, the
performance gains of NOMA are measured in terms of cell

NOMA+SU-MIMO NOMA+MU-MIMO

U SY My MU

i i i i ! H ! i
BS gt b BS gt IR NOMA
UE-1} > AU | WAUE-2

e i ——1<

T 1 oL L& BT

b § SHUE2 LGEDIVE-3 1 EDR4) NoMA

Lot (I L F—

SIC: successive interference cancellation
SU: single-user
UE: user equipment

BS: base station
MIMO: multiple-input and multiple-output
MU: multi-user
NOMA: non-orthogonal multiple access

AFigure 9. Uplink NOMA combined with 2x2 MIMO.
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throughput (Mbps) and cell-edge user throughput (Mbps). The
cell throughput is defined as the average aggregated through-
put for users scheduled per a single cell, while the cell-edge
user throughput is defined as the 5% value of the cumulative
distribution function (CDF) of the user throughput.

The proportional fairness scheduler maximizes the geomet-
ric mean of the user throughputs, thus the tradeoff between us-
er fairness and system throughput as shown in (10):

=
ielU 1
X 2R

"[HRI. =1 | (10)
ielU ;ZRE ielU

ielU

where U is the set of users scheduled. The first term on the
right hand is the geometric mean of the user throughputs nor-
malized with their arithmetic mean, representing a metric for
user fairness, while the second term is the arithmetic mean of
user throughputs, representing a metric for total system
throughput.

5.2.1 Downlink

In [14], the user throughput of downlink NOMA is compared
to that of OFDMA for both 1x2 SIMO and 2x2 MIMO. For MI-
MO, a comparison is made between the NOMA with SU-MIMO
case and the OFDMA with SU-MIMO case for open-loop TM3
and closed-loop transmission mode 4 (TM4) MIMO. 1t is shown
that NOMA with SU-MIMO provides gains over OMA with SU-
MIMO by covering the entire user throughput region for both
TM3 and TM4. The performance gains increase with the num-
ber of power sets. However, a hefty portion of the gains could
be still achieved even with a few power sets.

5.2.2 Uplink

In [15], single-carrier frequency division multiple access (SC-
FDMA) and NOMA are compared for uplink while taking up-
link power control and resource contiguity constraint into ac-
count. A large performance gain in cell throughput is achieved
for NOMA with very practical assumptions. This gain can be
further increased by applying larger number of multiplexed us-
ers and/or enhanced schemes, e.g., advanced transmit power
control (TPC). The large gain of NOMA mainly comes from the
non - orthogonal multiplexing of users with large channel gain
difference, which improves the resource utilization efficiency
compared to SC-FDMA where only one UE exclusively occu-
pies the radio resources.

When the user throughputs of SC-FDMA and NOMA are
compared, it is observed that NOMA can achieve higher UE
throughput than SC - FDMA for the most region of the CDF
curve. However, for the cell-edge user throughput, i.e. 5% UE
throughput, NOMA performance is worse than that of SC-FD-
MA. This is mainly due to two reasons. One reason is the in-
crease of inter-cell interference in NOMA compared with SC-
FDMA because more than one UE can be scheduled for simul-
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taneous uplink transmission. The other reason is that the used
TPC algorithm [8] is not fully optimized, where the total trans-
mission power is controlled by a predefined parameter and the
UEs in non-orthogonal transmission get less transmission pow-
er than what they get in SC-FDMA. Furthermore, the transmis-
sion power of the UEs is determined from large scale fading
without considering instantaneous channel conditions.

To further balance between cell throughput and cell - edge
throughput, three approaches are possible as listed below:

1) Introduction of weighted PF scheduling such that more re-
sources are allocated to cell-edge user [12].

2) Combination of NOMA with other cell-edge performance
enhancing technologies such as fractional frequency reuse
(FFR) [15].

3) Introduction of sophisticated TPC algorithms designed for
NOMA.

Taking the second approach above as an example, reference
[15] shows that NOMA with FFR improves both the cell-edge
throughput gain and the overall cell throughput gain. This pos-
sible improvement is due to the reduction in the inter-cell in-
terference for both the cell-center UEs and cell-edge UEs.

5.2.3 NOMA Experimental Trial

A test-bed was developed to conduct experimental trials on
NOMA, and to confirm NOMA performance with a real SIC re-
ceiver taking into account hardware (RF) impairments such as
error vector magnitude (EVM) and the number of quantization
bits of analog/digital (A/D) converter, etc. The test-bed as-
sumed two UEs and used a carrier frequency of 3.9 GHz and
bandwidth per user of 5.4 MHz for NOMA and of 2.7 MHz for
OFDMA (a total bandwidth of 5.4 MHz for 2 users). LTE Re-
lease 8 frame structure is adopted and channel estimation is
based on cell-specific reference signal (CRS). At the transmit-
ter side, for each UE data, Turbo encoding, data modulation
and multiplication by precoding vector are applied, then the
precoded signal of the two UEs is superposed according to a
predefined power ratio and goes through digital/analog (D/A)
converter before up conversion to the carrier frequency of 3.9
GHz and transmission from two antennas. For MIMO transmis-
sion, LTE TM3 is utilized for open-loop 2-by-2 single user MI-
MO transmission. At the receiver side, two receive antennas
are used to receive the RF signal, which is first down-convert-
ed and then goes through a 16-bit A/D converter. At the cell-
center UE (UE-1), CWIC is applied. Using the fading emula-
tor, for simplicity we set each link of the 2-by-2 MIMO chan-
nel to a 1-path channel with maximum Doppler frequency of
0.15 Hz. Fig. 10 shows that the user throughputs of the cell-
center UE, UE-1 (green color), with NOMA and SIC applied
(29 Mbps) and with OFDMA only applied (18 Mbps). The user
throughput of cell-edge UE, UE-2 (pink color) was adjusted for
NOMA to be equal to the case of OFDMA. The measured gains
of NOMA over OFDMA are the result of enabling three-layer
transmission over a 2X2 MIMO channel while using twice the
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SNR of UE-1 =33 dB
(rank = 2)

SNR of UE-2 =0 dB
(rank = 1)

® Case 1: Superposed data channels (i.
e., Physical Downlink Shared Channels (PD-
SCHs)) are transmitted using the same trans-
mission scheme and the same spatial pre-

OFDMA

coding vector.

18 Mbps ® Case 2: Superposed PDSCHs are trans-

Receiver #1

mitted using the same transmit diversity
Receiver #2
scheme.

BS: base station
NOMA: non-orthogonal multiple access
OFDMA: orthogonal frequency division multiple access
QAM: Quadrature amplitude modulation

UE: user equipment

Throughput of UE-1
(cell-center UE)

QPSK: Quadrature Phase Shift Keying
SIC: successive interference cancellation
SNR: signal-to-noise ratio

® Case 3: Superposed PDSCHs are trans-
mitted using the same transmission scheme,
but their spatial precoding vectors are differ-
ent.

During the WI phase, what was consid-
ered is up to 2 transmitter (Tx) CRS-based
transmission schemes for cases 1 and 2,
and up to 4 Tx CRS-based or up to 8 Tx
DMRS - based transmission schemes for all
three cases. The RAN1 agreements with
RANI specification impacts made within
the Release 14 WI are summarized in [31].
For example, for MUST Case 1 and Case 2,

AFigure 10. NOMA test-bed.

bandwidth compared to OFDMA.

5.3 NOMA Standardization

NOMA was proposed to 3GPP LTE Release 13 [22] and a
new study item (SI) under the name of “downlink multi-user su-
perposition transmission (MUST)” was approved [23]. In 3GPP
RANI, the target scenarios, evaluation methodology, and the
candidate non-orthogonal multiple access were discussed dur-
ing the SI phase [24]-[26]. NOMA system-level performance
with non-full buffer traffic and link -level performance for dif-
ferent receivers were evaluated [27], [28]. Based on Gray -
mapped composite constellation with the same precoder but
different transmit powers being applied to the superposed UEs,
another NOMA multiplexing scheme is also considered in or-
der to reduce signaling overhead and the receiver complexity
compared to NOMA with SIC [26]. In such a scheme, coded
bits for both the superposed UEs are jointly mapped onto the
signal constellation based on Gray mapping, and then a re-
duced-maximum likelihood (R-ML) receiver is used for symbol-
level interference cancellation [17]. The outcome of the SI in
Release 13 was summarized under a technical report [29]. Lat-
er in Release 14, a work item (WI) was established to specify
the necessary mechanisms to enable LTE to support downlink
intra- cell multiuser superposition transmission for data chan-
nels with assistance information from serving BS to a UE re-
garding its experienced intra-cell interference [30]. In the WI,
a MUST UE receiver is assumed to be capable to cancel or sup-
press intra-cell interference between co-scheduled MUST us-
ers for the following three cases:
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the higher layer and dynamic signaling
mechanisms of MUST ON/OFF and of the

power information of MUST users are speci-

fied.

6 Conclusions

This article presents an overview of the NOMA concept, de-
sign and its potential performance. Different from OFDMA,
NOMA superposes multiple users in the power-domain, exploit-
ing the channel gain difference between multiple UEs. NOMA
contributes to the maximization of the tradeoff between system
performance and user fairness. NOMA involves several aspects
that need careful design, including the granularity in time and
frequency of multi-user scheduling and multi-user power allo-
cation, signaling overhead, receiver design, and combination
with MIMO. NOMA can also be applied to uplink. For uplink,
new issues arise including power control design to balance in-
tra-cell and inter-cell interference and the design of the sched-
uling algorithm in case of single carrier transmission where
consecutive resource allocation of non - orthogonally multi-
plexed UEs is taken into account.

From performance perspective, NOMA has shown promising
gains for both downlink and uplink. These gains were investi-
gated by link-level simulations, system-level simulations, and
in experimental trials. Downlink NOMA was studied and speci-
fied in 3GPP RAN1 as MUST during LTE Release 13 and 14.

The design of sophisticated uplink power control schemes
and of uplink reference signal for channel estimation to enable
multiple user transmissions within the same frequency block is
of interest to the future work.

Moreover, NOMA gains are expected to increase with more
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users, which correspond to the case of massive machine type
communications (mMTC), i.e., massive sensors and devices
with small packets being simultaneously transmitted over the
cellular network. Further investigations and optimizations of

NOMA for mMTC are also of interest.
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