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AbstrAct

An emerging scenario to be considered for 
further evolution of Long-Term Evolution and 
beyond is a multi-carrier ultra-dense network 
(MC-UDN). Advanced carrier aggregation 
(ACA) techniques, such as carrier switching, 
lightweight carriers, opportunistic transmissions, 
and adaptive resource optimization schemes, 
provide important means for the MC-UDN to 
allocate carrier-level resources properly and effi-
ciently according to traffic load, channel, and 
interference conditions across the network. In 
this article, the general background, motivations, 
high-level design, and performance benefits of 
ACA techniques for the MC-UDN are described.

IntroductIon
Wireless communication has been one of the 
most active and rapidly growing areas in the 
past decade. Fueled by the global popularization 
of mobile devices, wireless communication has 
demonstrated a sharp turn toward more explo-
sive traffic demands. This general trend may 
accelerate even further in the future.

A large portion of wireless traffic has gone 
through cellular networks and will continue to 
do so, which poses a significant challenge to the 
cellular industry. Moreover, as more and more 
applications are integrated or considered to be 
integrated with cellular networks, including mas-
sive Internet of Things (IoT), connected vehicles, 
and so on, cellular networks are becoming the 
critical infrastructure on which the entire society 
relies. Therefore, any inefficiency or failure of 
future cellular networks can cause high social 
costs or even catastrophes in our society.

To meet the challenges, many candidate solu-
tions for cellular networks have been considered, for 
near-term Long Term Evolution (LTE)-Advanced 
Pro (aka 4.5 G, comprising LTE Releases 13 and 14) 
and longer-term fifth generation (5G). These can-
didate solutions aim to increase the capacity many 
times, support massive connections with large cov-
erage, provide ultra-reliable and low-latency com-
munications, enhance user experience, and improve 
various efficiency metrics (e.g., spectrum efficiency, 
energy efficiency). To help bring clarity, we sort the 
solutions into roughly two main categories:
• Category 1: More communication resources 

for the networks and user equipment (UE); 

This includes more network nodes, wider 
bandwidth, additional resources (e.g., WiFi) 
to offload, more antennas, carrier aggrega-
tion (CA), coordinated multipoint (CoMP), 
dual connectivity (DC), and so on.

• Category 2: Higher operational efficiency and 
spectral efficiency; This includes advanced 
transmitters and receivers; advanced cod-
ing, modulation, and multiplexing schemes; 
enhanced interference management; over-
head reduction; coordination; advanced 
antennas techniques; improved measure-
ments and feedback; and so on.
The above considerations lead to an import-

ant scenario gaining increasing attention: the 
multi-carrier ultra-dense network (MC-UDN). 
The MC-UDN possesses a unique capability of 
achieving multi-fold throughput gains without 
intractable challenges in design, deployment, or 
operations in the foreseeable future, and is gen-
erally accepted as an indispensable component of 
the forthcoming wireless systems. The MC-UDN 
is the main scenario focused on in this article.

However, simply increasing the network 
resources to obtain an MC-UDN and operating the 
MC-UDN in a (brute force) way similar to current 
networks have been found quite inefficient (see 
[1, 2] and later sections). Therefore, to efficiently 
deploy and operate an MC-UDN and make the 
most of the network resources including all avail-
able network nodes and carriers, advanced CA 
(ACA) techniques are introduced. These include, 
but are not limited to, carrier selection and switch-
ing, lightweight carriers, opportunistic communica-
tions, and adaptive resource optimization schemes. 
The main rationale is to introduce higher adapta-
tion capabilities and support efficient adaptations 
that are found to be powerful in addressing issues 
such as interference, channel, and traffic load vari-
ations. Thus, the ACA techniques advocated in this 
article lie in the intersection of both categories 1 
and 2 as they aim to efficiently (and even optimally, 
if feasible in practice) utilize the increased resourc-
es in an MC-UDN.

HIstorIcAl revIew: 
From releAse 8 to releAse 12

There have been many features standardized 
in the Third Generation Partnership Project 
(3GPP) LTE for cellular networks. In this sec-
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tion, the general trends behind the evolution 
of the cellular networks are identified (mainly 
focusing on radio access network, RAN, aspects), 
which helps motivate the study of the MC-UDN 
and ACA. See Fig. 1 for an illustration and more 
descriptions below.

trend 1: towArd more resources

One main thread for 3GPP standardization is to 
support more resources on the network side and 
UE side (corresponding to category 1 above).

Densifi cation of networks, leading to small-
er and smaller cell coverage areas, has been 
a major focus in 3GPP. Releases 8/9 were 
focused on macro networks of high-powered 
enhanced NodeBs (eNBs) at relatively regular 
locations. Releases 10/11 support heteroge-
neous networks (HetNets) with pico or relay 
cells overlaid with macrocells. Release 12 is 
concerned with clustered small cells. Densi-
fication has been shown to deliver multi-fold 
capacity gains [2].

Cellular networks have been incorporat-
ing more and more new spectrum resources. 
Release 8/9 user equipment (UE) supports only 
one carrier of up to 20 MHz bandwidth. Release 
10/11 CA-capable UE supports up to 5 carriers, 
each with up to 20 MHz bandwidth, within the 
same band (i.e., intra-band CA) or in different 
bands (i.e., inter-band CA) [3]. Release 12 con-
siders CA with time-division duplex (TDD) and 
frequency-division duplex (FDD) joint opera-
tions. CA allows UE to receive simultaneous 
downlink transmissions from multiple aggre-
gated component carriers (CCs) and hence 
significantly increases user peak data rate and 
shortens latency.

In addition, to provide more resources for 
UE, CoMP (in Release 11), DC (in Release 12), 
and various offl oading methods were supported, 
among other motivations.

trend 2: towArd HIgHer eFFIcIencY

To achieve higher operational efficiency and 
spectral effi ciency (corresponding to category 2 
in the previous section), one of the most import-
ant ways is to perform interference avoidance 
and coordination, mainly including:
• Static frequency reuse, effective for Release 

8 macro networks with regularly located 
interferers

• Inter-cell interference coordination (ICIC) 
for power- and frequency-domain coordina-
tion over a slow timescale (Release-8)

• Enhanced ICIC (eICIC) for time-domain 
avoidance of one dominant interferer over a 
slow timescale, suitable for co-channel Het-
Nets (Release 10)

• CoMP for interference coordination and 
turning interferers into serving resources 
(Release 11)

• Cell on/off for more flexible time-domain 
reuse, effective, for example, for small cell 
clusters (Release 12) [4]. This may also help 
improve energy effi ciency.
Furthermore, interference may also be mit-

igated at a UE receiver as done in network-as-
sisted interference cancellation and suppression 
(NAICS) in Release 12. Other methods for high-
er effi ciency include improved measurements for 
channel and interference, dynamic TDD, higher 
order modulation, multiple-input multiple-out-
put (MIMO), and so on.

It is clear now that there are two major 
threads for cellular network evolution: more 
resources (especially densification and more 
spectrum resources) and higher effi ciency (espe-
cially interference management), which may be 
seen as the underlying principles for many fea-
tures. These threads continue into 4.5G and 5G, 
to which we now turn.
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Figure 1. Evolution of LTE networks and some associated features.
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AdvAnces In 4.5g releAse 13
To further alleviate capacity limitations and 
increase user peak data rate, 3GPP considered 
drastically increasing the spectrum resourc-
es that may be used for the network and UE. 
This included mainly two aspects: massive or 
enhanced CA (MCA or eCA) and incorporating 
the unlicensed band in licensed-assisted access 
(LAA) LTE.

In MCA, CA enhancements beyond fi ve carriers 
were considered. Up to 32 CCs for a UE are sup-
ported. The use cases for MCA include CA within 
licensed spectrum or CA in licensed and unlicensed 
spectrum. The resulting supported downlink peak 
data rate is increased to about 25 Gb/s.

Unlicensed spectrum is abundant. The 5 GHz 
unlicensed band contains 14 non-overlapping 20 
MHz carriers (or channels). In LAA, the licensed 
spectrum can be used as the primary carrier for 
cellular services, whereas the unlicensed carriers 
can be used as secondary resources for downlink 
offl oading and best effort transmissions.

On the unlicensed spectrum, some regulations 
are imposed to avoid interference among different 
radio access technologies (RATs) without coor-
dination. LAA standardized listen-before-talk 
(LBT) for eNB to comply with coexistence reg-
ulations. An LAA eNB needs to perform carrier 
sensing and then determines if a transmission can 
follow, all done on small timescales of about a few 
milliseconds. This results in discontinuous oppor-
tunistic communications. This can be seen as a 
further evolution of the semi-static cell on/off 
developed in Release 12 toward more dynamic 
and opportunistic cell on/off.

AcA For 4.5g releAse 14 And beYond
Moving forward, it is expected that a cellular network 
will continue the trend of densifi cation, and operate 
with many carriers with diversifi ed spectrum resources 
in the near future, resulting in an MC-UDN. To effi -
ciently support the MC-UDN, ACA techniques are 
proposed for Release 14 and beyond.

scenArIo consIderAtIons: mc-udn
We now consider the two aspects of future 
deployment scenarios: further densifi cation and 
many carriers.

Further Densifi cation: Releases 12/13 main-
ly address small cell clusters, that is, there are 
several disconnected clusters, and each cluster 
contains a few small cells. There can be several 
ways to further densify:
• The clusters may get much closer to each 

other, and each cluster may contain more 
small cells.

• Continued densifi cation leads to the clusters 
being connected with each other, forming a 
continuously dense area.

• A massive number of various types of new 
links (e.g., D2D, massive IoT, wireless 
inband backhaul) may be integrated into 
the network, considerably increasing the 
network density of links.

• 3D dense networks may be formed in high-
rise buildings, with each fl oor in each build-
ing deployed with a set of network nodes.

• Dense macro networks are being deployed 
in some dense urban regions.

However, significant densification also poses 
challenges, among them interference becomes a 
more severe problem.

First, there may be even more strong inter-
ferers but none dominant, and the interference 
fluctuations in the time, frequency, and spatial 
domains are more severe and random. This leads 
to interference statistics different from those of a 
sparse network, which generally has one (or a very 
small number of) dominant interferer(s). Hence, 
static (or semi-static) interference avoidance and 
cancellation, as specifi ed above, are generally not 
effective; even if UE avoids or cancels interfer-
ence from several top interferers, the residual 
interference may still be rather strong [2].

Second, existing LTE design may not scale 
well toward a UDN. For example, cell-specific 
reference signals (CRSs) need to be transmitted 
in almost every transmission time interval (TTI, 
i.e., 1 ms for LTE) except for cases with cell 
on/off and LAA, which may account for about 
10 percent (or even higher) of total network 
resources and causes (almost) persistent inter-
ference. The impact of CRS interference can be 
more severe for a UDN due to the extreme den-
sifi cation.

Some other issues may also become exacer-
bated with further densification, such as traffic 
load imbalance across the network, availability 
of channel and interference measurements, and 
so on.

Many Carriers: More spectrum resources 
may be integrated when Release 14 is commer-
cialized. A UE may support up to 32 carriers, 
and the network may support even more. How-
ever, there are also issues and limitations to be 
addressed.

eNB-UE Carrier Number Asymmetry Due to UE 
Capability Limitations: In typical situations, an 
eNB supports many more carriers than UE does. 
How to enable such UE to efficiently access 
more carriers (e.g., for better interference avoid-
ance semi-statically or even dynamically) avail-
able at the eNB without signifi cantly increasing 
UE capability should be considered.

UE Uplink-Downlink Carrier Number Asym-
metry Due to UE Capability Limitations: It is 
common that UE can transmit on only one or 
two uplink carriers at the same time, but it can 
receive simultaneously from many more carriers 
in downlink. This not only limits the network’s 
ability to perform effi cient interference manage-
ment and load balancing/shifting in uplink, but 
also impacts TDD downlink beamforming per-
formance. The latter is because TDD downlink 
beamforming based on sounding reference sig-
nal (SRS) effectively exploits channel reciprocity 
and outperforms beamforming based on precod-
ing matrix index (PMI) feedback. Hence, if UE 
has more downlink carriers than uplink carriers, 
some downlink-only TDD carriers do not have 
corresponding SRS in uplink and may lead to 
downlink performance degradation.

High UE Monitoring Complexity and Power 
Consumption: Even though UE may be capable 
of aggregating, say, 32 carriers, to monitor all 32 
carriers at all times is not effi cient. Here “mon-
itoring” includes data buffering, control channel 
blind detection, and so on, which are needed in 
almost every TTI in current systems. This prob-
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lem becomes more pronounced with Release 13 
standardization of MCA and LAA with many 
carriers.

High Network Energy Consumption: Energy 
effi ciency should always be strived for, especially 
if an MC-UDN may consume a large amount 
of energy due to its multi-fold increase of radio 
resources.

motIvAtIons For AcA
ACA is proposed for Release 14 and beyond 
to better support the MC-UDN scenario and 
address the issues and limitations described 
above.

Considerations for Interference: To allevi-
ate the impact of interference, more adaptive 
resource utilization is needed; that is, the set of 
resources experiencing lower interference and/
or causing less interference to other transmis-
sions needs to be selected more dynamically. As 
resource utilization and interference are large-
ly driven by traffic loads, higher capability of 
resource adaptation is also crucial for networks 
with traffic loads varying significantly in time, 
frequency, and spatial domains.

In addition, to reduce interference, overhead 
such as (almost) persistently transmitted CRS in 
current networks needs to be minimized.

Considerations of UE Capability Limitations 
and Others: To address the issues and practi-
cal limitations above, it is desirable to allow UE 
to utilize more carriers available at the eNB 
in uplink and downlink without significantly 
increasing UE capability, which may be done via 
fast carrier selection and switching. For instance, 
for UE capable of simultaneously receiving data 
from 5 downlink carriers, the eNB may select a 
set of 5 carriers for the UE for a certain time out 
of the 30 carriers available at the eNB, change 
to another set of 5 carriers for the UE for the 
subsequent time duration, and so on. The UE 
switches its carriers per eNB instructions as 
quickly as possible, and hence effectively and 
efficiently utilizes possibly all 30 carriers at the 
eNB. Moreover, to reduce UE monitoring com-
plexity and UE and eNB power consumption, 
lightweight carriers and monitoring on demand 
can be considered. More details are presented 
below.

FAst cArrIer selectIon And swItcHIng

Fast carrier selection and switching are import-
ant for more effi cient carrier-level resource adap-
tation, fast load balancing and shifting across 
carriers, and fast interference coordination and 
avoidance across carriers, while considering var-
ious UE limitations. In particular, carrier selec-
tion refers to the selection of a subset of carriers 
available at the network, performed by the eNB; 
carrier switching refers to switching from one 
carrier to another carrier, performed by the UE 
as instructed by the eNB, preferably via a fast 
indication. Carrier selection and switching can 
be done semi-statically (generally on a timescale 
of tens of milliseconds and longer, via high-layer 
signaling and procedures) or dynamically (gener-
ally on a timescale of at most a few milliseconds, 
via physical-layer signaling and procedures).

For carrier switching and selection, shorter 
transition times associated with switching can 

yield better performance gains. Therefore, faster 
switching is especially important. For this pur-
pose, it is benefi cial to pre-confi gure more carri-
ers to UE than the UE’s CA capability and allow 
the UE to switch among them via a fast carrier 
switching mechanism. This can be considerably 
more effi cient than eNB pre-confi guring only fi ve 
carriers if the UE capability is only fiver carri-
ers, allowing no carrier switching beyond the fi ve 
carriers, or allowing only slow carrier switching 
beyond the fi ve carriers via slow carrier reconfi g-
uration procedures. 

Hence, carrier selection and switching can 
enable UE to potentially access over time as 
many carriers as the network can provide with-
out drastically increasing UE capability require-
ments, thus overcoming the eNB-UE carrier 
number asymmetry issue due to UE capability 
limitations.

Furthermore, carrier switching can help 
reduce UE monitoring complexity and power 
consumption in CA, MCA, and LAA. With car-
rier switching, UE monitors only a subset of car-
riers, and based on the indication received on 
these carriers, it quickly switches to other car-
riers for data reception whenever needed. This 
can be especially useful in LAA as the carrier 
availability is subject to LBT and not known a 
priori. For example, suppose UE can support 
all 14 carriers on the unlicensed band. Without 
fast carrier switching support, while the eNB 
performs LBT on these carriers and is uncertain 
about which carriers may become available, it is 
necessary that the UE monitor all 14 carriers all 
the time. Then when one or more of the carriers 
become(s) available, the eNB transmits data on 
them for a few milliseconds, and the UE detects 
the transmissions and receives data. This is not 
effi cient. In contrast, with fast carrier switching, 
the UE does not need to monitor any of the 14 
carriers until it receives a fast indication. The 
fast indication, telling the UE to monitor some 
carriers upon receiving the indication, may be 
sent from the eNB on a licensed carrier based 
on its decision on the availability of some chan-
nels. Therefore, fast carrier switching can lead to 
substantial reduction of UE monitoring activities 
and power consumption.

Fast Carrier Switching in Uplink: The above 
description of fast carrier switching is mainly 
focused in downlink, but the approach never-
theless applies to uplink as well, so UE can effi -
ciently utilize more carriers over time for uplink 
transmissions.

In addition, fast carrier switching in uplink 
is important for efficient TDD operations. 
It helps overcome the limitations due to UE 
uplink-downlink carrier number asymmetry 
via SRS switching among multiple carriers. To 
enable fast carrier switching to and between 
TDD carriers, the network needs to fi rst confi g-
ure a UE with SRS on possibly all TDD carriers, 
even if the UE uplink CA capability is much less. 
Then the UE can switch to and between those 
carriers and transmit SRS. The switching may be 
according to the network configuration or net-
work indication. For example, the network may 
indicate to a UE to suspend its transmission on 
carrier 1 (TDD or FDD), switch to TDD carri-
er 2, transmit SRS on carrier 2 on the indicated 
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time/frequency resources, and finally switch back 
to carrier 1. The switching may be triggered by 
dynamic signaling to facilitate fast load shifting 
among the downlink carriers with improved spec-
trum efficiency. Evaluations showed the poten-
tial of about 10 to 30 percent downlink spectrum 
efficiency improvement via SRS switching [5].

lIgHtweIgHt cArrIers And 
oPPortunIstIc communIcAtIons

As opposed to existing carriers with (almost) per-
sistently transmitted overhead (mainly CRS), a 
lightweight carrier sends such overhead chan-
nels only when needed. Omitting overhead in 
the absence of data transmission not only reduc-
es the interference to neighbor cells, but also 
enables the eNB and UE to save power if some 
operations can be suspended and some compo-
nents are turned off. Large throughput gains can 
be attained with lightweight carriers [4].

To support lightweight carriers, UE behavior 
has to be considerably modified from the cur-
rent one in which UE (almost) always expects 
and relies on CRS. UE has to assume that CRS 
may not always be transmitted, and relies on 
alternative ways (e.g., discovery signals with 
much longer duty cycles, introduced in Release 
12 for semi-static on/off) for long-term mea-
surements and coarse synchronization. As data 
transmission starts, UE needs to be instantly 
“tuned” for the carrier upon receiving a fast 
indication from the network. To facilitate this, 
data transmission may be accompanied by or 
preceded by CRS or some enhanced RS (which 
may be termed “preamble”) for faster “tuning” 
(including automatic gain control, AGC) adjust-
ment, synchronization, channel estimation, link 
adaptation, etc.).

The above design leads to opportunistic com-
munications. In opportunistic communications, 
both eNB and UE reduce transmission, measure-
ment, and monitoring activities, relying on long 
duty cycle signals for maintaining connections on 
a carrier. Then they rapidly turn on (or off) the 
transmission, measurement, and monitoring as 
soon as data arrives (or completes, respectively).

It is preferred to provide a unified design to 
support the indications of fast carrier switching, 
opportunistic communications, and LBT-based 
discontinuous transmissions (for LAA), due to 
the inherent connections among the operations.

It should be pointed out that the proposed 
fast adaptation is meant to be complete within 
a very short of amount of time such as at most a 
couple of milliseconds, but not necessarily meant 
to be performed every couple of milliseconds.

AdAPtIve cArrIer-level 
resource oPtImIzAtIon scHemes

Some aspects of the lightweight carrier and 
opportunistic communications are closely related 
to fast carrier switching. For instance, the data 
arrival and completion described in opportunistic 
communications may be the result of adaptive 
cross-carrier and cross-eNB interference coor-
dination and avoidance as well as load balanc-
ing and shifting. Thus, carrier-level resource 
adaptation algorithms are needed by fast carrier 
selection and switching and opportunistic com-
munications to perform sensible operations.

otHer AcA tecHnIques

A potential enhancement for fast carrier selection 
and switching is cross-carrier hybrid automatic 
repeat request (HARQ). With cross-carrier HARQ, 
one HARQ process is not restricted to be on only 
one carrier. Instead, the same HARQ process may 
switch among multiple carriers depending on instan-
taneous availability of the carriers. If the current 
carrier becomes unfavorable, the HARQ process 
can resume on another carrier rather than being 
terminated as is done currently. Another potential 
enhancement comprises CRS reduction in the fre-
quency domain, which restricts CRS transmission in 
the central region of a carrier, and thus less interfer-
ence in the system [6]. Yet another enhancement is 
the introduction of uplink transmission on the unli-
censed spectrum for LAA, and uplink fast carrier 
switching may be found beneficial.

solutIons And PerFormAnce

It should be pointed out that ACA techniques 
do not necessarily require standards support, but 
standards support (fast indication design, etc.) 
helps improve ACA operations and performance. 
On the other hand, ACA techniques also heavily 
rely on network implementation solutions, such 
as adaptive carrier-level resource optimization 
schemes.

An adaptive carrier-level resource optimiza-
tion scheme formulates optimization problems to 
maximize a chosen utility by determining:
• Which cells and carriers should be selected 

for which UE’s data transmission, and at 
which power level

• The on/off status of cells and carriers
There may be a few ways to implement the 
scheme:

Figure 2. Example setting for carrier-level resource optimization: 3 sites 
labeled as A/B/C, 12 UEs labeled 1–12 together with their associated site 
indices. Cell selection is based on the strongest received signal.
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• Cell-level adaptation without coordina-
tion: Each cell (or each carrier of an eNB) 
decides the on/off status and power level 
independently. For example, when the cell 
serves no users, it may turn off.

• Cross-carrier coordinated adaptation by 
each eNB: An eNB controls multiple carri-
ers, and it decides the on/off status, power 
level, and UE-carrier association for each 
carrier jointly, for purposes such as fast load 
shifting across all the carriers.

• Cross-carrier cross-eNB coordinated adap-
tation by each cell cluster: A cell cluster 
controls multiple eNBs and all their carri-
ers. It decides the on/off status, power level, 
and association of UE to cells and carriers 
for eNBs and carriers jointly, for purposes 
such as fast interference management and 
fast load shifting among all radio resources 
within the cluster.

• A centralized coordinated adaptation by a 
network controller: The network control-
ler controls many clusters and eNBs with 
a large number of carriers, and possibly a 
massive number of UEs. It decides the car-
rier-level resource allocation for the net-
work, but may not be necessary for each UE 
due to the high computation complexity. 
Instead, UEs aggregated into UE groups 
may be considered.

Moreover, as the traffic loads, traffic distribu-
tions, and interference conditions change, the 
optimal allocation will adapt accordingly, gen-
erally on the timescale of at least tens of milli-
seconds.  Interested readers may refer to [7–11, 
references therein] for more detailed discussions.

Figure 2 shows an example of a deployment 
scenario with 3 eNBs at 3 sites and 12 UEs. A 

centralized optimization problem is formulat-
ed to minimize the weighted sum of UE-experi-
enced latencies [8]. Figure 3 shows an example 
of carrier resource allocation results based on 
solving the optimization problem. In this exam-
ple, each UE is assigned a fraction of the time/
frequency resource of one or more carriers, 
based on traffic load, channel, and interference 
conditions in the network. Some general “rules” 
of reuse patterns can be observed: some UEs are 
assigned to orthogonal carrier resources to avoid 
significant interference among them, while some 
other UEs are assigned to reuse the same carri-
er resource if the interference is determined to 
have less impact on them. A certain carrier may 
be turned off completely in a site as the site has 
lighter traffic load and/or it may cause high inter-
ference to other sites. However, although such 
rules of reuse patterns appear straightforward to 
interpret, they are almost impossible to obtain 
heuristically for a rather general deployment set-
ting, and solving an optimization problem may be 
the only way to obtain proper complicated reuse 
patterns in practical networks. The involved opti-
mization problems are generally non-convex and 
tractable for small- and medium-scale networks, 
but several simplifications, convex relaxations, 
and convex approximations [8] have been pro-
posed or are under current study, which may 
yield suboptimal solutions but still be effective 
in practice with much reduced computation com-
plexity.

Figure 4 illustrates the performance benefits 
of adopting the ACA techniques. A consider-
able reduction in user experienced latency is 
observed, as well as a substantial increase of net-
work capacity. Here the capacity corresponds 
to the maximum packet arrival rate (i.e., traf-
fic load) that the network can support without 
“exploding” user experienced latency. The results 
in Table 1 show that carrier resource allocation 
can improve throughput performance, especially 
the average perceived throughput (UPT) per-
formance for edge users without trading off cell 
center user performance. Note that the UPT for 
a packet is the ratio between the number of bits 
in the packet and the sojourn time for the pack-
et, wherein the sojourn time is from the time of 
packet arrival to the time of complete delivery 
to the UE, including both the queuing time and 
transmission time.

The adaptive carrier-level resource optimiza-
tion schemes for MC-UDNs have been applied 

Figure 3. Example of carrier-level resource optimization to assign portions of 
carrier resources to UEs (see Fig. 2 for the setting with 3 carriers). UEs 
have the same amount of average traffic load and are capable of receiving 
data from all 3 carriers simultaneously, but each UE is assigned to at most 
2 carriers according to the optimal solution. UE1 is assigned the 2 blue 
portions of site A on carriers 1 and 2; UE2 is assigned with the 1 green 
portion of site A on carrier 3, and so on. UE4 and UE6 are on different 
carriers due to higher interference. UE3 and UE7 are on the same carrier 
due to lower interference. Site A serves more UEs; site B blanks on carri-
er 1 to reduce its interference to site A on carrier 1 and site C on carrier 1, 
while site C blanks on carrier 3.
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Table 1. Performance comparison for edge/medi-
an/center/mean user perceived throughputs 
(“with coordination” applies the allocation 
shown in Fig. 3).

UPT (Mb/s)
UPT 
gain

No coordination With coordination

Edge 20 43 115%

Median 58 59 2%

Center 108 107 –1%

Mean 58 72 24%
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to more complicated situations. For example, 
much denser networks with 57 cells and hun-
dreds of UEs have been evaluated as well with 
similar conclusions. For another example, the 
average traffic loads for the UEs may not be the 
same across the network, which leads to more 
complicated reuse patterns obtained by the opti-
mization problem. Moreover, the reuse of time/
frequency resources can be based on frequen-
cy-division multiplexing (FDM) for the UEs, 
which may be associated with a simple M/M/1 
queuing model, but the reuse can be based on 
time-division multiplexing (TDM) or more com-
plicated rules, which may be associated with 
more complex models such as M/G/1 queues. 
Ongoing research has revealed further increased 
performance gains with the latter. Finally, wire-
less inband backhaul can be incorporated in this 
framework with appealing performance benefits.

conclusIons
The MC-UDN is an important scenario mov-
ing forward to 4.5G and 5G. It seems to be a 
necessary component for meeting the various 
challenges faced by the cellular industry and for 
fulfilling IMT-2020 requirements for 5G with 
very high area traffic capacity of up to 10 Mb/s/
m2. To address interference issues and fully uti-
lize the increased radio resources, a number of 
ACA techniques are proposed, with a common 
theme of all of them leading to a more adaptive 
and opportunistic system for coordinated inter-
ference management and resource allocation. 
These technologies are shown to be effective in 
improving throughput performance and end-user 
experience in a dense network with multiple car-
riers. It is anticipated that these research studies 
will have profound impacts on 4.5G in Release 
14, and the impacts may also extend to 5G in the 
near future.
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Figure 4.  Performance benefits of ACA techniques for user experienced 
latency (with 8 carriers, each with 20 MHz bandwidth; packet size 3 
MByte; all UEs have the same packet arrival rate; “with coordination” 
applies an allocation obtained from an optimization problem, whereas 
for “no coordination” each site decides the allocation independently. The 
x-axis is for packet arrival rate per UE, y-axis is for mean UE-experienced 
sojourn time per packet).
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