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Overview - 5G Communication SystemsOverview - 5G Communication Systems

Scalable across an extreme variation of requirements
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Deep coverage
To reach challenging locations

Ultra-low energy
10+ years of battery life

Ultra-low complexity
10s of bits per second

Ultra-high density
1 million nodes per Km2

Extreme capacity
10 Tbps per Km2

Extreme data rates
Multi-Gigabits per second

Deep awareness
Discovery and optimization

Extreme user mobility
Or no mobility at all

Ultra-low latency
As low as 1 millisecond

Ultra-high reliability
<1 out of 100 million packets lost

Strong security
e.g. Health / government / financial trusted

Based on target requirements for the envisioned 5G use cases

Figure: Qualcomm’s 5G Vision [1].
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Key Technologies for 5GKey Technologies for 5G

There is no single technology which can fulfill all the goals....(good
and bad)

Table: Key Technologies for 5G.

Massive MIMO [2, 3] NOMA [4, 5, 6, 7]
mmWave Communications Full Duplex Communications [8, 9]
Base Station Caching [10] Mobile Edge Computing

Cloud-based Radio Access Networks Visible Light Communication
Energy Harvesting [11]–[19] D2D Communication
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AdvertisementAdvertisement

Key Technologies for 5G Wireless Systems, Cambridge
University Press, Apr. 30 2017

Figure: By Vincent W. S. Wong (Editor), Robert Schober (Editor),
Derrick Wing Kwan Ng (Editor), Li-Chun Wang (Editor)
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5G Emerging Technologies5G Emerging Technologies

Core technologies/methods for fulfilling the strengthen
quality of service (QoS) requirements:

Multiple input multiple output (MIMO) [20, 21]
Extra degrees of freedom in resource allocation
(diversity and multiplexing Ñ high data rate)
Artificial noise generation for degrading the channel of
eavesdroppers (communication security) [22]
Information signal beamforming, zero forcing etc.
(communication security)
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5G Emerging Technologies5G Emerging Technologies

Massive MIMO: 5G technology candidate
The use of a very large number of service antennas
(e.g., hundreds or thousands) to serve multiple users
(each equipped with small number of antennas or even
single-antenna) simultaneously

spatial-division multiplexing such that the different data
streams occupy the same frequencies and times. A key
element to performing wireless spatial multiplexing is an
array of independently-controlled antennas. Under line-of-
sight propagation conditions, the data streams are carried
on focused beams of data. In a cluttered propagation envi-
ronment, the data streams can arrive from many directions
simultaneously. The streams tend to reinforce each other
constructively where desired, and interfere destructively
where they are unwanted. To carry out the multiplexing,
the array needs to know the frequency response of the
propagation channels between each of its elements and
each of the users. This channel state information (CSI) is
utilized in the precoding block (shown in the figure) and
it is here that the data streams are mapped into the signals
that drive each of the antennas. By increasing the number
of antennas, the beams can be focused more selectively to
the users.

...............................................

Demand for wireless throughput will
always grow, but the quantity of
available electromagnetic spectrum will
never increase.

The uplink operation of the Massive MIMO system,
shown in Figure 2, is substantially the reverse of down-
link operation. The users transmit data streams at the
same time and over the same frequencies. The antenna ar-
ray receives the sum of the data streams as modified by
their respective propagation channels, and the decoding
operation, again utilizing CSI, untangles the received sig-
nals to produce the individual data streams.

Portions of the preceding description of Massive
MIMO also apply to a generic Multi-User MIMO system.
What distinguishes Massive MIMO is that certain activi-
ties make it a scalable technology. The multiplexing and
demultiplexing operations are accomplished using directly
measuredVrather than assumedVchannel characteristics.
(In contrast, sectorization as well as open-loop angle-
selective beam-forming assume line-of-sight propagation
conditions, and as explained later, are ultimately not scal-
able.) If measured channel responses are utilized, increas-
ing the number of antennas always improves the
performance of the system irrespective of the noisiness of
the measurements. The benefits of growing the number
of service antennas relative to the number of active
users include greater selectivity in transmitting and re-
ceiving the data streams, which leads to greater through-
put, a reduction in the required radiated power, effective
power control that provides uniformly good service
throughout the cell, and greater simplicity in signal
processing.

The paper is organized as follows. We begin with an
overview of Point-to-Point MIMO, and explain in particu-
lar why it is not a scalable technology. Next, we consider
the theory of Multi-User MIMO, which has fundamental
advantages over Point-to-Point MIMO, but which in its
original conception also is not scalable. We then provide a
detailed description of Massive MIMO: why it is scalable,
how CSI is acquired, the simplest effective types of multi-
plexing and demultiplexing, power control, and the ulti-
mate limitations of Massive MIMO. We follow with a
case study of a dense urban macrocellular Massive MIMO
system in which each cell has a 64-antenna base station
that serves 18 users. Despite the modest size of this sys-
tem, it has amazingly good performance, particularly in
that it can provide uniformly good service throughout the
cell, even at the cell edges. We conclude with a brief

FIGURE 1. Downlink operation of a Massive MIMO link. The antenna array selectively transmits a multiplicity of data streams, all occupying the
same time/frequency resources, so that each user receives only the data stream that it intended for him.

Bell Labs Technical Journal · VOLUME 20
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5G Emerging Technologies5G Emerging Technologies

Massive MIMO: Transmitter equipped with hundreds
antennas serve multiple (e.g. single antenna)
receivers [2, 3, 23]

Shift the signal processing burden from the receivers
to transmitter
Allow simple design and cheap receiver
Achieve asymptotically optimal performance by using
simple precoding design

Table: List of potential research problems for massive MIMO

Hardware impairment Precoding design
Pilot contamination Energy efficiency

FDD vs TDD Co-located versus Distributed
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5G Energy Harvesting5G Energy Harvesting

Ubiquitous and Self-sustainable Networks
Technologies

Conventional energy harvesting (scavenging): Collect
energy from natural renewable energy sources such as
solar, wind, and geothermal heat
Advantages: Self- substantiable network
Technical challenges (engineering problems): Time
varying availability of the energy generated from
renewable energy sources Ñ Perpetual but intermittent
energy supply Ñ Unstable communication service
[11, 12]
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5G Energy Harvesting5G Energy Harvesting
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Overview - Energy HarvestingOverview - Energy Harvesting

“New" energy harvesting technology: RF-based
Energy Harvesting/ Wireless powered communications
[13]–[19]

Collect energy from background radio frequency (RF)
electromagnetic (EM) waves from ambient transmitters

Major Applications: RFID, body area networks, wireless
sensor networks, Machine-to-Machine (M2M)
communications, Internet of things (IoT), etc [25, 26].
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5G Energy Harvesting5G Energy Harvesting

Transmitter

Inform
ation beam 1

Information receiver 1

Information receiver 2

Energy harvesting receiver 2

Information beam 2

Energy harvesting 
receiver 1

Table: List of potential research problems for massive MIMO

Resource allocation Protocol design
Model design Energy efficiency optimization
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Overview - NOMAOverview - NOMA

In 4G communication systems, orthogonal frequency division
multiple access (OFDMA):

A wide band signal is divided into many narrow band
subcarriers (e.g. 64Ï2048) and each subcarrier is assigned
to at most one user

Channel equalization is simplified

Provide frequency diversity and multiuser diversity
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Motivation for NOMAMotivation for NOMA

OFDMA: High flexibility in resource allocation:

The Physical Resource Block (PRB) is the basic unit of allocation.

12 subcarriers in frequency (= 180 kHz)
1 subframe in time (1ms = 14 OFDM symbols)
Multiple resource blocks can be allocated to a user in a
given subframe
Total number of RBs depends on the operating bandwidth
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Motivation for NOMAMotivation for NOMA

However, traditional multicarrier orthogonal multiple
access (MC-OMA) systems still underutilize the spectral
resources

Subcarriers are allocated exclusively to one user to
avoid multiuser interference
Subcarriers may be assigned exclusively to a user with
poor channel quality to ensure fairness
Orthogonality cannot be always maintained

Hardware imperfection
Doppler shift
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Motivation for NOMAMotivation for NOMA

To overcome the aforementioned shortcomings,
non-orthogonal multiple access (NOMA) has been recently
proposed

Multiplexing multiple users on the same frequency
resource
Pairing users enjoying good channel conditions with
users suffering from poor channel conditions
NOMA is enabled by successive interference
cancellation (SIC) at receivers
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Channel capacity comparison of OMA and NOMA in an AWGN channelChannel capacity comparison of OMA and NOMA in an AWGN channel

NOMA achieves larger multi-user capacity compared
to OMA.

IEEE Communications Magazine • September 2015 75

later. The design principles, key features, advan-
tages and disadvantages of existing dominant
NOMA schemes are discussed and compared.
More importantly, although NOMA can provide
attractive advantages, some challenging prob-
lems should be solved, such as advanced trans-
mitter design and the trade-off between
performance and receiver complexity. Thus,
opportunities and research trends are highlight-
ed to provide some insights on the potential
future work for researchers in this field. In addi-
tion, unlike the conventional way of designing a
specific multiple access scheme separately and
individually, we propose the concept of software
defined multiple access (SoDeMA), in which
several candidates among multiple access
schemes can be adaptively configured to satisfy
different requirements of diverse services and
applications in future 5G networks. Finally, con-
clusions are drawn.

FEATURES OF NOMA
In conventional OMA schemes, multiple users
are allocated with radio resources which are
orthogonal in time, frequency, or code domain.
Ideally, no interference exists among multiple
users due to the orthogonal resource allocation
in OMA, so simple single-user detection can be
used to separate different users’ signals. Theo-
retically, it is known that OMA cannot always
achieve the sum-rate capacity of multiuser wire-
less systems [10]. Apart from that, in convention-
al OMA schemes, the maximum number of
supported users is limited by the total amount
and the scheduling granularity of orthogonal
resources.

Recently, NOMA has been investigated to
deal with the problems of OMA as mentioned
above. Basically, NOMA allows controllable
interferences by non-orthogonal resource alloca-
tion with the tolerable increase in receiver com-
plexity. Compared to OMA, the main advantages
of NOMA include the following.

Improved spectral efficiency: According to
the multi-user capacity analysis in the pioneering
work [10], Fig. 1 shows the channel capacity
comparison of OMA and NOMA, where two
users in the additive white Gaussian noise
(AWGN) channel are considered as an example
without loss of generality. Figure 1a shows that
the uplink NOMA is able to achieve the capacity
bound, while OMA schemes are in general sub-
optimal except at point C. However, at this opti-
mal point, the user throughput fairness is quite
poor when the difference of the received powers
of the two users is significant, as the rate of the
weak user is much lower than that of the strong
user. In the downlink, Fig. 1b shows that the
boundary of rate pairs of NOMA is outside of
the OMA rate region in general. In multi-path
fading channels with intersymbol interference
(ISI), although OMA could achieve the sum
capacity in the downlink, NOMA is optimal
while OMA is strictly suboptimal if channel state
information (CSI) is only known at the mobile
receiver [10].

Massive connectivity: The non-orthogonal
resource allocation in NOMA indicates that the
number of supported users or devices is not

strictly limited by the amount of available
resources and their scheduling granularity.
Therefore, NOMA can accommodate signifi-
cantly more users than OMA by using non-
orthogonal resource allocation; for example,
MUSA can still achieve reasonably good perfor-
mance when the overloading is 300 percent [8].

Low transmission latency and signaling cost:
In conventional OMA with grant-based trans-
mission, a user has to send a scheduling request
to the base station (BS) at first. Then, based on
the received request, the BS performs scheduling
for the uplink transmission and sends a grant
over the downlink channel. This procedure
results in large latency and high signaling cost,
which becomes worse or even unacceptable in
the scenario of massive connectivity anticipated
for 5G. In contrast, such dynamic scheduling is
not required in some uplink schemes of NOMA,
rendering a grant-free uplink transmission that
can drastically reduce the transmission latency
and signaling overhead.

Due to the potential advantages above,
NOMA has been actively investigated as a
promising technology for 5G. In the next section,
existing dominant NOMA schemes are discussed
and compared in detail. 

DOMINANT NOMA SOLUTIONS
In this section, we discuss dominant NOMA
schemes by grouping them into two categories:
power domain multiplexing and code domain
multiplexing. Power domain multiplexing means
that different users are allocated different power
levels according to their channel conditions to
obtain the maximum gain in system perfor-
mance. Such power allocation is also beneficial
to separate different users, where successive
interference cancellation (SIC) is often used to
cancel multi-user interference. In this article,
power domain multiplexing is applied only to
downlink NOMA. Code domain multiplexing is
similar to CDMA or multicarrier CDMA (MC-
CDMA), that is, different users are assigned dif-
ferent codes, and are then multiplexed over the
same time-frequency resources. The difference

Figure 1. Channel capacity comparison of OMA and NOMA in an AWGN
channel: a) uplink AWGN channel; b) downlink AWGN channel.
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Figure: Channel capacity comparison of OMA and NOMA in an AWGN
channel: (a) uplink AWGN channel; (b) downlink AWGN channel.
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Uplink NOMAUplink NOMA

Transmission latency and signaling cost can be
reduced in uplink NOMA

Allow multiple uplink users share the same radio
resource
No scheduling is required
The base station performs SIC

Base station
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Data

Delay
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System ModelSystem Model

Resource allocation for a multicarrier NOMA downlink
system.

Base station

User 1

User 2

User 2

User 1

Frequency

Power

User 1User 3

User 4 User 3

Subcarrier 1 Subcarrier 2 Subcarrier 3

...

User 3
User 4

K downlink users, NF subcarriers
All transceivers are equipped with a single-antenna.
All downlink users can perform successive interference
cancellation (SIC)
Each subcarrier can be allocated with at most two users.
Power and subcarriers are available radio resources to be
managed.
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System ModelSystem Model

Resource allocation design for MC-NOMA systems is more
challenging than for traditional MC-OMA systems

User pairing on each subcarrier is needed
SIC ordering on each subcarrier is needed (which user
perform SIC and which user do not)
In next section, we will formulate the power and
subcarrier allocation design as a mixed-integer
non-convex optimization problem
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3. Resource Allocation Problem Formulation3. Resource Allocation Problem Formulation Performance MeasurePerformance Measure

Performance measurePerformance measure

Study the weighted throughput of user m and user n
on subcarrier i
Assume |hi

m|2 ≤ |hi
n|2

Weighted throughput of user m and user n on subcarrier i:

U i
m,n(pi

m, pi
n, si

m,n)= si
m,n

[
wm log2(1+ |hi

m|2pi
m

|hi
m|2pi

n+σ2
m

)+wn log2 (1+|hi
n|2pi

n
σ2

n

)]
, (1)

where si
m,n is subcarrier indicator and wm is the priority of

user m.

Successful SIC can be performed, since

log2(1 + |hi
n|2pi

m
|hi

n|2pi
n + σ2

n
) ≥ log2(1 + |hi

m|2pi
m

|hi
m|2pi

n + σ2
m

). (2)
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Problem FormulationProblem Formulation

Problem: Maximization of the weighted system
throughput

maximize
p,s

NF∑
i=1

K∑
m=1

K∑
n=1 si

m,n

[
wmlog2(1+ |hi

m|2pi
m

|hi
m|2pi

n+σ2
m

)+wn log2 (1+|hi
n|2pi

n
σ2

n

)]
s.t. C1:

NF∑
i=1

K∑
m=1

K∑
n=1si

m,n(pi
m + pi

n) ≤ Pmax,
C2: si

m,n ∈ {0, 1}, ∀i,m, n,

C3:
K∑

m=1
K∑

n=1si
m,n ≤ 1, ∀i,

C4: pi
m ≥ 0, ∀i,m, (3)

Blue color = non-convex objective function
Red color = non-convex constraint

Even if the subcarrier allocation is given, NP-hard
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Optimal SolutionOptimal Solution

In this section, we apply monotonic optimization to
obtain the global optimal solution
Monotonic optimization can converge to the global
optimal solution of non-convex optimization problems
by exploiting the monotonicity of the considered
problem

The objective function is needed to be a increasing
function
The feasible set is needed to be a normal set (the
convex set belongs to normal sets)
The global optimal point is attained on the upper
boundary
Approach the global optimal solution by constructing a
sequence of polyblocks

Derrick Wing Kwan Ng – The Road to 5G Wireless Systems: Resource Allocation for NOMA22 /4522 /45



4. Optimization Solution4. Optimization Solution Optimal SolutionOptimal Solution

Optimal SolutionOptimal Solution

Rewrite the weighted throughput in an equivalent form

U i
m,n(pi

m, pi
n, si

m,n)
=wm log2(1+ si

m,nH i
mpi

m
si

m,nH i
mpi

n+1)+wn log2(1+si
m,nH i

npi
n)

=wm log2(1+ H i
mp̃i

m,n,m
H i

mp̃i
m,n,n+1)+wn log2(1+H i

np̃i
m,n,n)

= log2(ui
m,n)wm + log2(vi

m,n)wn , (4)

where H i
m = |hi

m|2
σ2

m
, ui

m,n =1 + H i
mp̃i

m,n,m
H i

mp̃i
m,n,n+1 , vi

m,n = 1 + H i
np̃i

m,n,n,
and p̃i

m,n,m = si
m,npi

m.
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Optimal SolutionOptimal Solution

Then, we define

fd(p̃) = {1 + H i
m(p̃i

m,n,m + p̃i
m,n,n), d = ∆,1 + H i

np̃i
m,n,n, d = D/2 + ∆, (5)

gd(p̃) = {1 + H i
mp̃i

m,n,n, d = ∆,1, d = D/2 + ∆, (6)

where ∆ = (i − 1)K2 + (m− 1)K + n and D = 2NFK2.
We further define

z=[z1,. . .,zD]T=[u11,1,. . .,uNF
K,K,v

11,1,. . .,vNF
K,K]T . (7)

Derrick Wing Kwan Ng – The Road to 5G Wireless Systems: Resource Allocation for NOMA24 /4524 /45



4. Optimization Solution4. Optimization Solution Optimal SolutionOptimal Solution

Optimal SolutionOptimal Solution

Now, the original problem can be written as a
standard monotonic optimization problem as:

Problem: Maximization of the weighted system
throughput

maximize
z

D∑
d=1 log2(zd)µd

s.t. z ∈ Z, (8)

where the feasible set Z is given by

Z= {z | 1 ≤ zd ≤
fd(p̃)
gd(p̃) , p̃ ∈ P, s ∈ S, ∀d},

where P and S are the feasible sets spanned by
constraints C1, C3, and C4.
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Optimal SolutionOptimal Solution

The equivalent monotonic optimization problem in (8)
can be solved optimally via outer polyblock
approximation algorithm.

*
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*
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Figure: Illustration of the outer polyblock approximation
algorithm for D = 2. The red star is the optimal point on the
boundary of the feasible set Z.
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Optimal SolutionOptimal Solution

The proposed monotonic optimization based resource
allocation algorithm achieves the globally optimal
solution. However, the computational complexity
grows exponentially with D = 2NFK2.
In next section, we propose a suboptimal algorithm to
reduce complexity while achieving a close-to-optimal
performance.
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Suboptimal SolutionSuboptimal Solution

The product term p̃i
m,n,m = si

m,npi
m is an obstacle for

efficient algorithm design.
We adopt the big-M formulation to decompose the
product terms. In particular, we impose the following
additional constraints:

C5: p̃i
m,n,m ≤ Pmaxsi

m,n, ∀m, n, i,
C6: p̃i

m,n,m ≤ pi
m, ∀m, n, i,

C7: p̃i
m,n,m ≥ pi

m−(1− si
m,n)Pmax, ∀m, n, i, and

C8: p̃i
m,n,m ≥ 0, ∀m, n, i.
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Suboptimal SolutionSuboptimal Solution

Then, we rewrite the non-convex integer constraint
C2: si

m,n ∈ {0, 1} in its equivalent form:

C2a:
NF∑
i=1

K∑
m=1

K∑
n=1si

m,n −
NF∑
i=1

K∑
m=1

K∑
n=1(si

m,n)2 ≤ 0 and

C2b: 0 ≤ si
m,n ≤ 1, ∀m, n, i.

However, the constraint C2a is still a non-convex
constraint.
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Suboptimal SolutionSuboptimal Solution

In order to handle the non-convex constraint C2a, we
incorporate it as an additive penalty function term into
the objective function :

Suboptimal resource allocation problem:

minimize
p̃,s

NF∑
i=1

K∑
m=1

K∑
n=1 − log2(1+ H i

mp̃i
m,n,m

H i
mp̃i

m,n,n+1)wm − log2(1+H i
np̃i

m,n,n)wn

+η( NF∑
i=1

K∑
m=1

K∑
n=1si

m,n −
NF∑
i=1

K∑
m=1

K∑
n=1(si

m,n)2)
s.t. C1,C2b,C3–C8, (9)

where η � 1 is a large constant which acts as a penalty
factor to penalize the objective function for any si

m,n that is
not equal to 0 or 1.

Problem (9) is still non-convex due to its objective
function
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Suboptimal SolutionSuboptimal Solution

Now, we rewrite problem (9) asminimize
p̃,s

F (p̃)−G(p̃) + η(H(s)−M(s))
s.t. C1,C2b,C3–C8, (10)

where

F (p̃)= NF∑
i=1

K∑
m=1

K∑
n=1−wm log2(1+H i

m(p̃i
m,n,m + p̃i

m,n,n))
−wn log2(1+H i

np̃i
m,n,n),

G(p̃)= NF∑
i=1

K∑
m=1

K∑
n=1−wm log2(1 + H i

mp̃i
m,n,n),

H(s)= NF∑
i=1

K∑
m=1

K∑
n=1si

m,n,and M(s)= NF∑
i=1

K∑
m=1

K∑
n=1(si

m,n)2.
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Suboptimal SolutionSuboptimal Solution

The F (p̃), G(p̃), H(s), and M(s) are convex functions and
the problem in (10) belongs to the class of difference
of convex (d.c.) function programming.
As a result, we can apply successive convex
approximation to obtain a local optimal solution.
For any feasible point p̃(k) and s(k), we have the
following inequalities

G(p̃) ≥ G(p̃(k)) +∇p̃G(p̃(k))T (p̃− p̃(k)) and (11)
M(s) ≥ M(s(k)) +∇sM(s(k))T (s − s(k)). (12)
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Suboptimal SolutionSuboptimal Solution

Therefore, for any given p̃(k) and s(k), we can obtain an
upper bound for (10) by solving the following convex
optimization problem:

Suboptimal resource allocation problem:minimize
p̃,s

F (p̃)−G(p̃(k))−∇p̃G(p̃(k))T (p̃− p̃(k))
+η(H(s)−M(s(k))−∇sM(s(k))T (s − s(k)))

s.t. C1,C2b,C3–C8, (13)

The optimization problem in (13) is convex and can be
solved efficiently by standard convex program solver
such as CVX.
Then, we employ an iterative algorithm to tighten the
upper bound.
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5. Simulation Results5. Simulation Results

Results – Simulation ParametersResults – Simulation Parameters

Table: System parameters

Carrier center frequency and system bandwidth 2.5 GHz and 5 MHz
The number of subcarriers, NF 64
The bandwidth of each subcarrier 78 kHz
User noise power, σ2

m −125 dBm
BS antenna gain 10 dBi
Baseline scheme 1: suboptimal power and subcarrier
allocation scheme in [1]
Baseline scheme 2: random subcarrier allocation
scheme
Baseline scheme 3: traditional MC-OMA scheme
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Results – Average system throughput versus maximum transmit power at the BSResults – Average system throughput versus maximum transmit power at the BS
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Figure: Average system throughput versus the maximum transmit power at
base station.
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Results – Average system throughput versus number of usersResults – Average system throughput versus number of users
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6. Conclusions6. Conclusions

ConclusionsConclusions

The resource allocation algorithm for MC-NOMA
systems was formulated with the objective to
maximize the weighted system throughput
The proposed problem is solved optimally by using
monotonic optimization method
The low-complexity suboptimal scheme is proposed to
achieve close-to-optimal performance
Simulation results unveiled a significant improvement
in system performance compared to conventional
MC-OMA system.
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7. Future Work7. Future Work

Future WorkFuture Work

Employ NOMA transmission scheme in full-duplex (FD)
systems to further improve system throughput.
Investigate MISO-NOMA system where the BS is
equipped with multiple antennas.
Study resource allocation design for MC-NOMA system
where multiplex arbitrary number of users on each
subcarrier.
Study robust resource allocation design for NOMA
systems where the channel gains are imperfectly
known.
Study resource allocation design for uplink NOMA
systems.
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