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Motivation
 5G: Mobility, Throughput, Latency, Reliability
 Peak data rate: 10-20 Gbps (4Gx10-20)
 User experienced data rate: 1 Gbps (4Gx100)

 NOMA: a promising multiple access technique for 5G networks
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Basic Concepts of NOMA
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NOMA Classification
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LDS-CDMA: Low-density spreading CDMA
LDS-OFDM: Low-density spreading OFDM
SCMA: Sparse code MA
PDMA: Pattern division MA
SDMA: Spatial division MA
SDR-MA: Software defined radio MA5

Superposition Coding (SC)
 The SC is a technique of simultaneously communicating information to
several receivers by a single source. In other words, it allows the
transmitter to transmit multiple users’ information at the same time.
 Examples:
 Broadcasting a television signal to multiple receivers
 Giving a speech to a group of people with different backgrounds and aptitudes

An example of SC encoding (a) signal constellation of user 1 (b) signal constellation of user 2
(c) constellation of superposed signal.
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Successive Interference Cancellation (SIC)
 The basic idea of SIC is that user signals are successively decoded. After
one user’s signal is decoded, it is subtracted from the combined signal
before the next user’s signal is decoded.
 When SIC is applied, one of the user signals is decoded, treating the other
user signal as an interferer, but the latter is then decoded with the benefit
of the signal of the former having already been removed.

An example of SC decoding (a) decoding the signal of user 1 (b) decoding the signal of
user
2.
9/23/2016
Invited Talk
7

MA schemes for a two-user scenario
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Downlink AWGN: Orthogonal vs. Non-Orthogonal

Non-Orthogonal
Schemes
P1=0.20*P
P2=0.80*P

Orthogonal
Schemes
P1=P2=P/2
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A Numerical Example


Power allocation for each UE greatly affects the user throughput performance!

•

NOMA achieves superior spectral efficiency compared to OMA.
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NOMA in Uplink
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NOMA Basics Learned


NOMA exploits power domain multiplexing.



Superposition coding at Tx.



Successive interference cancellation at Rx.



A pair of users can be served by NOMA if their channel gains are considerably
different.



Power allocation strategies play an pivotal role in capacity enhancement.
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Generalization: From Two Users to K Users
Consider a general case of K users and channels are sorted as
ℎ1

2

≤ ℎ2 2 … ≤ ℎ𝐾

2

note: hk means the kth smallest instantaneous channel
Then, the capacity regions can be obtained by

Noise from other users after SIC
The cancellation order at every receiver is always to decode the weaker users before
decoding its own data.
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Potential NOMA Solutions
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Outage Performance of NOMA
•
•
•

Consider a cell of radius RD with a Tx and some N randomly deployed users
The outage at the ith user will be occurred if the ith user cannot decode any of the
users of lower order.
Define Ei,l as the event that the ith user cannot detect the jth user’s message
(1≤l≤i). Then, the outage probability at the ith user:
𝑐
𝑐
𝑐
𝑃𝑖𝑜𝑢𝑡 =1-P(𝐸𝑖,1
⋂𝐸𝑖,2
) ⋂... ⋂𝐸𝑖,𝑖
)

𝑐
Note that each event 𝐸𝑖,𝑙
requires a minimum SNR

>> Assume, Rayleigh channel
>>CDF and PDF of channel gains
>> Knowledge of order statistics

𝑃𝑖𝑜𝑢𝑡 =

𝑁!
𝜏𝑖 =
𝑖−1 ! 𝑁−𝑖 !
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𝜃𝑙 = 𝑐𝑜𝑠
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Outage Performance of NOMA

•
•
•
•
•

NOMA User 1
Also called weak user
Experiences weak channel
Assigned to more power
Performs better at low SNR

•
•
•
•
•

NOMA User 2
Also called strong user
Experiences strong channel
Assigned to less power
Performs better at high SNR

Outage performance of NOMA with random users in a cell.
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Cooperative Comm. with NOMA
•

•

The users with better channel conditions decode the messages for the users with
poor connections to the base station.
Can be implemented by UWB and BT (strong users to weak users communications)

Performed in two phases
1) Direct Transmission (BS to NOMA users)
 BS sends N messages if there are N NOMA users

2) Cooperative Phase





(N-1) time slots are required
At first time slot, the Nth user send sends (N-1) messages
At second time slot, the (N-1)th user send sends (N-2) messages
And so on
𝑁

1 − 𝑃𝑖𝑜𝑢𝑡 .

𝑃𝑜𝑢𝑡 ≜ 1 −
𝑖=1
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Cooperative Comm. with NOMA

Outage performance of a cooperative NOMA.
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 Users with the worst channel
condition get assistance from the
other 𝑁 − 1 users, along with
their own direct links to the
source
 Non-cooperative NOMA can attain
only a diversity order of 𝑖 for the
ith ordered user
 C-NOMA ensures that a diversity
order of 𝑁 is achievable for all
users
by
exploiting
user
cooperation.
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NOMA with Beamforming
•

NOMA-BF allows two users to share a single beamforming vector.

•

BUT, inter-beam interference (from users of other beams) and intra-beam
interference (from users sharing the same beamforming vector).

•

To reduce the above interferences: clustering and power allocation algorithm
based on correlation among users and channel gain difference, respectively.

•

Improves the sum capacity, compared to the conventional multi-user beamforming
system. Also, guarantees weak users’ capacity to ensure user fairness.
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NOMA with Beamforming

•

Two users in each cluster should be selected in such a way that they have high
correlation and high channel gain differences.

•

High correlation ensures that they can use same beamforming vector W

•

High channel gain difference ensures the applicability of NOMA
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NOMA with Beamforming
The aim is to determine the set of power
allocation coefficients for which the sum
capacity becomes maximum

The Sum capacity of NOMA beamforming
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NOMA with Space-Time Code
•
•

A cell-edge user usually experiences a lower data rate.
Presently, coordinated multipoint (CoMP) transmission (and reception) techniques
are usually employed to increase transmission rates to cell-edge users.
• The associated BSs for CoMP need to allocate the same channel to a cell-edge
user. So, the spectral efficiency of the system worsens as the number of cell-edge
users increases.
 A coordinated superposition coding (CSC)-based NOMA scheme can solve this
problem.

 BSs transmit Alamouti (space-time) coded signals to user c (a cell-edge user), while
each BS also transmits signals to a user near the BS.

 BS 1 applies NOMA on user 1 and user c, whereas BS 2 applies NOMA on user 2
9/23/2016
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and user c.

NOMA with Space-Time Code
In CSC-based NOMA
• Data symbols to user c from BS 1:
a(1) and -a*(2) over the first and
second time slot
• Data symbols to user c from BS 2:
a(2) and a*(1) over the first and
second time slot

 Non-CSC–based NOMA considers
only one BS (either one) to employ
SC to serve a pair of cell-edge and
nearby users simultaneously.

Sum capacity of CSC-based NOMA.
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Network NOMA



As a cell-edge user in NOMA does not perform SIC before decoding its signal, 𝑈4 and 𝑈1 are
inherently unable to avoid the interference from 𝑈3 and 𝑈2 , respectively.



In order to reduce the impact of this interference, BS 1 and BS 2 allocate more power to 𝑈4
and 𝑈1 , respectively.



As such, inter-cell interference occurs in downlink transmissions and mutual interference
between 𝑈4 and 𝑈1 occurs in uplink transmissions.



To deal with this problem, associated with the employment of NOMA in a multi-cell
scenario, the straightforward application of single-cell NOMA solutions will not be
appropriate; single-cell NOMA needs toInvited
be extended
to network NOMA.
9/23/2016
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Network NOMA


The baseline to compare the performance of
network NOMA in terms of total SE is the
performance of the entire network based on
single-cell NOMA, where base stations do not
cooperate with each other.



Severe inter-cell interference (mainly between
cell-edge
users)
causes
performance
degradation in conventional single-cell NOMA,
since
there
is
no
inter–base-station
cooperation.



However, the precoder for network NOMA
works in such a way that base stations transmit
jointly to cell-edge users, and the cell-center
users first detect and subtract the signals of
cell-edge users to mitigate the mutual
interference.
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NOMA Solutions
 Many Others
 Energy Efficient NOMA
 NOMA User Pairing
 NOMA in Visible Light Communications
 NOMA with Link Adaptation
 NOMA with Network Coding

 Coexistence of NOMA and OMA
 SIC Receiver Variations
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NOMA Challenges
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NOMA Challenges


Dynamic User Pairing
 Co-channel interference is strong in NOMA systems, since multiple users share
the same time, frequency, and spreading code. As a result, it is difficult to ask
all the users in the system to perform NOMA jointly.
 Alternatively, the users in the system are divided into several groups, where
NOMA is applied within each group, and different groups are allocated with
orthogonal BW resources.
 The static case is usually considered, where the 𝑚th user and the 𝑛th user,
( 𝑚 − 𝑛 is constant and considerably high) are paired to implement NOMA.
Although it is difficult in practice, the design of dynamic user pairing/grouping
schemes is necessary to achieve the maximum benefits offered by NOMA.

9/23/2016

Invited Talk

28

NOMA Challenges


Impact of Transmission Distortion

 The transmission of source information, such as voice and video over
communications channels is generally considered lossy. The transmitted data
always experience distortion while they propagate to the receiver.
 It is evident that outage probability that maximizes outage rate may not
provide the minimum expected distortion.

SMR Islam and KS Kwak, "Outage Capacity and Source Distortion Analysis for NOMA Users in 5G Systems,“
IET Electronics Letters, vol. 52, no. 15, pp. 1344-1345, Jul. 2016.
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NOMA Challenges


Impact of Interferences
 Interference in cooperative NOMA, which utilizes Bluetooth-like short-range
communications in the cooperative phase.

 An extreme interference scenario from existing WPAN operations. BT
interference decreases the coverage and throughput, causes intermittent or
complete loss of connectivity, and results in difficult pairing during the user’s
discovery phase.
 Furthermore, due to the mobility of users, interference becomes dynamic.
 Therefore, performance analysis of a cooperative NOMA scheme in this
dynamic interfering environment will be an interesting study.
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NOMA Challenges


NOMA w. Multiple Antenna
 The larger the rank of the MIMO channel matrix, the larger the number of decorrelated channels obtained, and thus, better system performance occurs.

 Therefore, the channel matrix rank plays a key role in evaluating MIMO
NOMA. However, existing works in MIMO NOMA consider full-rank channel
matrices in order to investigate system performance.
 Under this constraint, for example, the analytical results developed by Ding et
al. provide the upper bounds of outage probability and capacity.
 It is therefore now essential to study the design of MIMO NOMA with
consideration of rank-deficient channel matrices..

9/23/2016

Invited Talk

31

NOMA Challenges


Carrier Aggregation (CA)
 A NOMA user might be pared
with multiple different users
at the same time based on
the number of CCs if CA is
integrated with basic NOMA.
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NOMA Challenges
 Many Others
 Resource Allocation
 Heterogeneous Networks

 Outage Analysis
 User Fairness
 Transmit Antenna Selection
 Limited channel feedback
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NOMA Implementation Issues
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Implementation Issues


Decoding Complexity
 Signal decoding by using SIC requires additional implementation complexity
compared to orthogonal schemes, since the receiver has to decode other
users’ information prior to decoding its own information.
 Also, this complexity increases as the number of users in the cell of interest
increases. However, users can be clustered into a number of groups, where
each cluster contains a small number of users with bad channels. SC/SIC can
then be executed within each group.
 This group-wise SC and SIC operation basically provides a tradeoff between
performance gain and implementation complexity..
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Implementation Issues


Error Propagation
 It is intuitive that once an error occurs in SIC, all other user information will
likely be decoded erroneously.

 However, the effect of error propagation can be compensated by using a
stronger code (e.g., increasing the block length) when the number of users is
reasonably small.
 Based on computer simulations, it is shown that the error propagation can
have a marginal impact on the NOMA performance. The reason is that a user
with bad channel gain is assigned to another user with good channel gain
during NOMA scheduling.
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Implementation Issues


Synchronization
 Synchronous transmission has been considered in NOMA research, and this
consideration is reasonable for the downlink scenario, because the BS controls
transmission for all users.
 However, perfect synchronization among NOMA users is impractical on uplink,
since users are spatially distributed, and the mobile communications channel
is usually dynamic in nature.
 In asynchronous communications, OFDM symbols from the superpositioncoded users are time-misaligned.
 Thus, NOMA users’ performance substantially depends on the relative time
offset between interfering users.

9/23/2016

Invited Talk

37

Implementation Issues


Signaling Processing Overhead
 There are several sources of additional signaling and processing overhead in
NOMA compared to its orthogonal counterparts.

 For example, to collect the CSI from different receivers and to inform the
receivers of the SIC order, some time slots need to lapse. This causes data rate
degradation in NOMA.
 Also, with dynamic power allocation, and encoding and decoding for SC and
SIC, NOMA signal processing requires additional energy overhead.
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Implementation Issues


Others

 NOMA selection strategies
 Power allocation complexity.
 Limited number of user pairs
 NOMA deployment environment
 Standardization efforts

9/23/2016

Invited Talk

39

Concluding Remarks
 NOMA is getting huge attention to the researchers for 5G
 Diversity comes from power domain
 Many research results are found in favor of NOMA
 Outage probability, sum capacity, ergodic capacity, week user’s rate guarantee
 Successive interference cancellation is mandatory
 Signal superposition coding (SC) and decoding is the game-changer
 But, SC is not new: Higher order modulation is a kind of SC scheme
 Impact of SIC error propagation
 Practical considerations: Power allocation, mobility, and subband scheduling
Reference:
S.M. Riazul Islam, N. Avazov. Octavia A. Dobre, and KS Kwak, “Power-Domain Non-Orthogonal
Multiple Access (NOMA) in 5G Systems: Potentials and Challenges”, IEEE Communications Surveys
and Tutorials, 2016. (Accepted with Minor Revision).
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