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SYSTEM AND METHOD FOR DYNAMIC PROVISIONING OF WI-FI CAPACITY
IN LARGE VENUES USING C-RAN ARCHITECTURE
RELATED APPLICATION INFORMATION
[0001] This application claims priority to Provisional Application No. 62/307,757, filed

on March 14, 2016, incorporated herein by reference in its entirety.

BACKGROUND

Technical Field
[0002] The present invention relates to Wi-Fi networks and, more particularly, to a
system and method for dynamic provisioning of Wi-Fi capacity in large venues using a

centralized radio access network architecture.

Description of the Related Art
[0003] In recent years, Wi-Fi has grown both in its deployment footprint and in the
convenience it provides to users around the world. However, despite all the technological
advances such as beamforming and MIMO (multiple input multiple output), Wi-Fi
experience is still far from ideal in high-density venues such as conference/event centers,
stadiums, airports etc., where thousands of users demand service at once. The root cause
of this issue is the disconnect between fixed Wi-Fi provisioning (where the capacity is
allocated a priori) and the high spatiotemporal traffic variation characteristically found in

such large venues.
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SUMMARY

[0004] A computer-implemented method for dynamic provisioning of Wi-Fi capacity in
areas using a centralized radio access network (C-RAN) architecture is presented. The
method includes introducing a set of access points (APs) in a network for providing
capacity required to serve a plurality of users accessing heterogeneous content, introducing
a set of remote radio heads (RRHs) in the network acting as transmit/receive points,
tracking traffic fluctuations, and adapting front-haul configurations at a granularity of
epochs, where measurements from previous epochs serve as input to drive current epochs.
[0005] A system for dynamic provisioning of Wi-Fi capacity in areas using a centralized
radio access network (C-RAN) architecture is presented. The system includes a memory
and a processor in communication with the memory, wherein the processor is configured
to introduce a set of access points (APs) in a network for providing capacity required to
serve a plurality of users accessing heterogeneous content, introduce a set of remote radio
heads (RRHs) in the network acting as transmit/receive points, track traffic fluctuations,
and adapt front-haul configurations at a granularity of epochs, where measurements from
previous epochs serve as input to drive current epochs.

[0006] A non-transitory computer-readable storage medium comprising a computer-
readable program for dynamic provisioning of Wi-Fi capacity in areas using a centralized
radio access network (C-RAN) architecture is presented, wherein the computer-readable
program when executed on a computer causes the computer to perform the steps of
introducing a set of access points (APs) in a network for providing capacity required to
serve a plurality of users accessing heterogeneous content, introducing a set of remote radio

heads (RRHs) in the network acting as transmit/receive points, tracking traffic fluctuations,
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and adapting front-haul configurations at a granularity of epochs, where measurements
from previous epochs serve as input to drive current epochs.

[0007] In another aspect, the method, system, and non-transitory computer-readable
storage medium further include adapting the front-haul configurations to serve user traffic
demands in terms of capacity and requests for accessing the heterogeneous content, such
as unicast and broadcast content. In yet another aspect, the method, system, and non-
transitory computer-readable storage medium further include optimizing the front-haul
configurations to serve users of the plurality of users requesting the unicast and broadcast
content simultaneously.

[0008] These and other features and advantages will become apparent from the
following detailed description of illustrative embodiments thereof, which is to be read in

connection with the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0009] The disclosure will provide details in the following description of preferred
embodiments with reference to the following figures wherein:

[0010] FIG. 1 is an example C-RAN (centralized radio access network) architecture;
[0011] FIG. 2 is a block/flow diagram illustrating repurposing capacity in C-RAN-based
WLANs (Wi-Fi local area networks), in accordance with embodiments of the present
invention;

[0012] FIG. 3 is a block/flow diagram of adaptable AP (access point) coverage in C-

RAN based Wi-Fi, in accordance with embodiments of the present invention;
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[0013] FIG. 4 is a block/flow diagram illustrating a network-wide broadcast in C-RAN
based Wi-Fi, in accordance with embodiments of the present invention;

[0014] FIG. 5 is a block/flow diagram illustrating non-contiguous vs. contiguous
clustering, in accordance with embodiments of the present invention;

[0015] FIG. 6 is a block/flow diagram illustrating clustering steps where the cluster
capacity is equal to 50 units, in accordance with embodiments of the present invention;
[0016] FIG. 7 is a block/flow diagram illustrating clustering steps where 50% of the total
demand at each RRH (remote radio head) is broadcast, in accordance with embodiments
of the present invention;

[0017] FIG. 8 is a block/flow diagram illustrating the C-RAN-based WLAN
architecture, in accordance with embodiments of the present invention;

[0018] FIG. 9 is a block/flow diagram illustrating handling of traffic surge, in
accordance with embodiments of the present invention;

[0019] FIG. 10 is a block/flow diagram illustrating handling of traffic migration, in
accordance with embodiments of the present invention; and

[0020] FIG. 11 is a block/flow diagram illustrating unicast and broadcast traffic, in

accordance with embodiments of the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0021] Current WLANSs (wireless or Wi-Fi local area networks) in high-density venues
are planned based on estimated per-user bandwidth requirements. Once an aggregate
throughput requirement is determined for a particular area, the next step is to decide on the

number of APs (access points) to provide the required capacity and assign channels to
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address inter-AP interference. The traffic demand is then distributed across the APs that
serve the given area (i.e., load balancing).

[0022] When a traffic surge goes beyond the planned capacity allocation, Wi-Fi
performance quickly deteriorates since it is virtually impossible to provide additional
capacity in a reasonable time. To guarantee reliable network-wide performance, venue
owners are often forced to over-provision their WLANs based on worst-case traffic
estimations, leading to increased equipment and maintenance costs. In short, there is no
efficient way for WLANs to adapt to changing traffic patterns other than manually
deploying more APs (which is impractical) or worst-case provisioning (which is
expensive).

[0023] The core ideain a C-RAN (centralized radio access network) is to decouple radio
frequency transmissions from baseband processing. This allows for multiple light-weight
remote radio heads (RRHs) to be deployed for RF (radio frequency) transmission, while
the baseband processing is handled in a central processing cluster (i.e., a data center). The
C-RAN refers to baseband units that can be virtualized, as well as run on hardware (i.c.,
not virtualized).

[0024] The RRHs and the processing cluster is connected via a low-delay optical fiber
network called the C-RAN front-haul 100 (Figure 1). The front-haul is the component that
defines how the baseband processing units (BPUs) are mapped to RRHs, thus defining the
capacity distribution across the network. The C-RAN could be, for example, a distributed
antenna system (DAS).

[0025] A given RRH supports simultaneous mappings from multiple BPUs. In a C-

RAN-based WLAN, this would mean that multiple APs (acting as BPUs) can be mapped
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to the same RRH albeit on orthogonal channels. Note that since the C-RAN decouples an
AP’s capacity from its actual physical location, any AP can be mapped to any set of RRHs
(not possible in a traditional WLAN). Thus, the C-RAN architecture allows dynamic re-
purposing of capacity through appropriate re-configuration of the front-haul, thereby
obviating the need for worst-case provisioning.

[0026]  Unlike a cellular network where each base station and user can communicate on
multiple channels concurrently (i.e., carrier aggregation), this is not possible with Wi-Fi
clients. Even if the latest Wi-Fi clients support channel bonding up to 160 MHz in the 5
GHz band with 802.11ac APs, the legacy ones (1la/b/g/n clients) support 40 MHz
bandwidth at most. Thus, legacy clients limit the effective bandwidth of the AP and create
a performance bottleneck, warranting the deployment of as many APs as needed to use up
all the orthogonal channels in the band (i.e., worst-case provisioning). C-RAN makes it
possible to add radio resources (on different channels) to a RRH on the fly (avoiding over-
provisioning), allowing to borrow capacity from under-utilized areas of the network and
use it to address the traffic surge where needed.

[0027] While adopting the C-RAN model in WLANs is a welcome step, the key
challenge is orchestrating the C-RAN front-haul in real time to track and adapt to the
spatiotemporal traffic fluctuations, so as to maximize the traffic demand that can be
supported. Further, with the increasing importance of wide-area broadcast applications
(e.g., live sports replays), the orchestration should take into account unicast as well as
broadcast traffic demands. While LTE (long term evolution) has built-in mechanisms to
handle wide-area broadcast, Wi-Fi handles broadcast only at the cell level where each AP

independently broadcasts the same content to its clients and contends for medium access
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like it would for unicast traffic. If orchestrated properly, the front-haul has the potential to
bring efficient wide-area broadcast support to WLANs. However, it is difficult to optimally
satisfy both unicast and broadcast demands since each benefits from different front-haul
configurations.

[0028] In one aspect, the method, system, and non-transitory computer-readable storage
medium further include adapting the front-haul configurations to serve user traffic demands
in terms of capacity and requests for accessing the heterogeneous content, such as unicast
and broadcast content. In another aspect, the method, system, and non-transitory computer-
readable storage medium further include optimizing the front-haul configurations to serve
users of the plurality of users requesting the unicast and broadcast content simultaneously.
[0029] The exemplary embodiments introduce AmorFi (“Amorphous WiFi”) a first-of-
its-kind C-RAN-based WLAN that adapts its network configurations on the fly to cater to
changing traffic demands (both unicast and broadcast). AmorFi realizes this through
software-defined access (SDA), wherein it orchestrates the C-RAN front-haul, to effect
different cell configurations in real time. In designing AmorFi, the exemplary embodiments
leverage the full potential of the C-RAN architecture for Wi-Fi to make the following key
contributions.

[0030] In one example, designing algorithms to determine the optimal front-haul
configurations is described. Interference across Wi-Fi APs (cells) is managed through
CSMA (carrier sense multiple access) and channel assignment. The latter is a hard problem
in itself and requires taking into account interference conflicts between APs. The
amorphous notion of cells in AmorFi makes this issue even more challenging. Further, an

inherent tradeoff is addressed between wide-area coverage (useful for broadcast traffic
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efficiency) and spatial reuse (useful for unicast throughput) in determining the optimal
configuration. AmorFi employs efficient algorithms to address this tradeoff and not only
maximizes the amount of unicast and broadcast traffic that can be supported, but also does
so in a compute and energy efficient manner, employing a small number of BPUs (basic
processing units).

[0031] In one example, building and deploying AmorFi in practice is described. This is
challenging owing to the SDA capability in AmorFi. SDA requires re-mapping of the
signals on the fly from any AP (BPU) to any remote antenna (RRH), with negligible
latency. The exemplary embodiments realize this in the analog domain using RF-over-fiber
technology and employ an optical switch to apply the desired front-haul configurations in
real time. Using a test-bed of four APs and six RRHs, AmorFi is evaluated for both unicast
and broadcast (video) applications. The results indicate that AmorFi delivers twice the
throughput supported by baseline schemes and supports a higher quality broadcast video.
[0032] The C-RAN architecture 100 of Figure 1 consists of the following components:
[0033] Processing Cluster: centrally located baseband processing units (BPUs)
responsible for signal processing and providing capacity.

[0034]  Front-haul: an optical fiber network that supports wavelength multiplexing to
deliver the signals between the BPUs and remote antennas (RRHs), using either (a) CPRI
(Common Public Radio Interface) - an interface standard for transmitting digitized 1Q
samples, or (b) RF-over-fiber (RoF), where analog RF (radio frequency) is carried over the
fiber.

[0035] Remote Radio Heads (RRHs): light-weight antennas that convert optical signals

to RF on the downlink (and RF to optical for uplink), providing wireless access to users.
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The front-haul defines how the capacity of the BPUs is distributed across the RRHs. Next,
a description is provided for how a software programmable front-haul would help a C-
RAN-based WLAN handle various scenarios challenging for traditional WLANS.

[0036] With user mobility, the traffic demand shifts across the network, potentially
creating overloaded APs as well as leaving some APs to serve no (or few) users. In
traditional WLANS, overloaded APs handle the increased demand either with admission
control (rejecting some users) or simply provide sub-par performance to their clients. With
C-RAN-based WLANS, the capacity of lightly loaded APs can be re-mapped to the
overloaded regions to handle the traffic surge in real time. An experiment is conducted in
Figure 2, where a group of users move between two locations. In traditional WLAN, each
AP provides around 8 Mbps UDP (user datagram protocol) throughput per user. In contrast,
C-RAN-based WLAN avoids overload by mapping both APs to the same RRH (on
different channels) and re-distributing the load over the two APs. The result is almost 16
Mbps throughput per user showing that software-defined access (SDA) enabled by the
front-haul is essential to successfully handle the traffic surge.

[0037] In traditional WLANs, an AP is deployed in one physical location and its
coverage area gets defined by its transmit power. Some users may be positioned far from
an AP, and, thus, experience low data rates (e.g., in sparse traffic areas with low AP
density). With packet-fair scheduling in Wi-Fi, such low rate users adversely impact all
other users served by the AP. On the other hand, C-RAN-based WLANSs allow mapping
the signal of a given AP to more than one RRH simultaneously creating a one(BPU)-to-

many(RRH) mapping in the front-haul. Since RRHs are light-weight (in cost and size),
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they can be deployed with high density. With the help of one-to-many front-haul mapping,
each user can then be served through its closest RRH with high data rates.

[0038] To evaluate the impact of coverage, in one example, the exemplary embodiments
use three (3) APs and six (6) clients, as shown in the system 300 of Figure 3. There are six
candidate locations (L1-L6) to deploy the three APs (Figure 3). Once a location is chosen
for an AP, clients are permitted to associate to their nearest AP and run multiple iperf
sessions from each AP to its clients. All possible AP-location combinations are tried and
the locations that yield the best throughput for traditional WLAN (L2, L4 and L6) are fixed.
For C-RAN-based WLAN, the example embodiments deploy RRHs at all six locations but
use the same three APs to drive them (the specific AP-RRH mapping is depicted in Figure
3). The per-user throughput is significantly better in this case since each user communicates
with the AP via its closest RRH (enabled by one-to-many AP-RRH mapping). Note that
this is not possible in the traditional WLAN due to limited AP transmit power. Even with
the same power limit on each RRH, C-RAN-based WLAN allows for much larger coverage
owing to the decoupling of APs from physical locations and the transmit diversity benefit
from synchronous RRH transmissions.

[0039] In addition to unicast applications such as e-mail and social media, supporting
broadcast applications (e.g., live video) is also important in high-density venues.
Broadcasting MAC (media access control) frames is inefficient in traditional WLANSs due
to the lack of acknowledgments and the use of low bit rates. Even with the advances made
by earlier works and the proposals by the IEEE 802.11aa amendment to 802.11, broadcast
transmission remains at the AP-level meaning that each AP independently broadcasts data

to its clients “C”, as shown in the system 400 (Figure 4). With AP-level broadcast, APs

10
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contend for medium access (similar to what they would do for unicast) even though they
are serving the same content. On the other hand, one-to-many mapping in the C-RAN front-
haul enables what is referred to as network-level broadcast where an AP broadcasts content
over a wide area (Figure 4). This leads to better transmission efficiency for broadcast than
traditional WLAN, freeing up the remaining APs to serve other applications. It is noted
that LTE already has built-in support for network-wide broadcast where base stations use
a synchronization protocol to jointly transmit the broadcast content. Thus, the notion of
one-to-many front-haul mappings is not as critical in cellular C-RANSs as it is for C-RAN-
based WLANSs, where the latter benefits from synchronization in the optical domain
overcoming the lack of an existing protocol.

[0040] The true advantage of the C-RAN architecture in WLANS is to orchestrate the
front-haul in a software-defined manner to tailor capacity allocations subject to prevailing
traffic demands in real time. The spatiotemporal traffic variations requires constant
tracking of the load and choosing the appropriate front-haul configuration. With dynamic
front-haul configurations, the interference dependencies between APs change, making
channel assignment and load balancing a much harder task than it is for statically-planned
WLANS. Thus, even when the WLAN supports unicast traffic alone, it is challenging to
come up with the optimal front-haul mapping that supports as much of the demand as
possible.

[0041] When a WLAN supports a mix of unicast and broadcast applications, it makes it
even harder since each application type creates conflicting requirements on the type of
front-haul mapping that needs to be adopted. With one-to-one mapping, each AP gets

mapped to one RRH, thus creating smaller cells. This emphasizes spatial reuse, which

11
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increases the network capacity to support unicast applications, as shown in the system 200
(Figure 2). In contrast, one-to-many mapping creates larger cells (decreasing spatial reuse),
which is important to efficiently deliver the same broadcast content over a wide-area, as
shown in system 400 (Figure 4). The issue is exacerbated by the clients not being able to
seamlessly access multiple Wi-Fi channels (unlike LTE), thereby requiring both unicast
and broadcast applications to be delivered on the same channel (AP).

[0042] To summarize, the key challenge in C-RAN-based WLANS is to discover the
optimal front-haul configuration that caters to both unicast and broadcast applications and
adapt the configuration based on spatiotemporal changes in traffic demand. In doing so,
one also has to manage interference conflicts across cells, which becomes harder since the
cell patterns themselves keep changing as determined by the front-haul.

[0043] The exemplary embodiments introduce C-RAN-based WLANSs. There are some
cellular C-RAN studies that advocate software-programmable front-haul, but they are not
directly applicable to Wi-Fi because of the following reasons.

[0044]  First, while Wi-Fi channel bonding may aggregate capacity to some extent, it is
limited due to the presence of legacy clients and CSMA requiring orthogonal channels
between neighboring APs. Thus, it is essential to map multiple APs on to the same RRH
to increase capacity and carefully assign channels to them to avoid co-channel interference.
In contrast, cellular base stations and clients have access to all the channels in the spectrum;
a base station can handle the traffic surge by increasing its bandwidth as needed (i.e., not
needing channel assignment).

[0045]  Second, the lack of network wide broadcast support in Wi-Fi makes one-to-many

front-haul mapping more critical than it is for cellular. Thus, one has to balance between

12
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supporting unicast and broadcast traffic in C-RAN-based WLANSs since each requires
different front-haul mappings.

[0046] The example network model of the present invention is a C-RAN-based WLAN
where A and R denote the set of APs (BPUs) and RRHs, respectively. While RRHs act as
transmit/receive points, APs provide the capacity required for serving the users. AmorFi is
envisioned to track traffic fluctuations and adapt its front-haul configurations (AP-RRH
mappings) at the granularity of epochs (minutes), where measurements from previous
epochs serve as input to drive the optimization for the current epoch. Hence, each RRHr €
R poses (requires) a traffic demand T for the current epoch (based on weighted average of
demands from previous epochs), which is an estimate of aggregate throughput
requirements for all users accessing the network through RRH r. The function f: A 2 R
allows each AP to be mapped to zero or more RRHs; the former denotes an idle AP (not
providing service), while the latter defines a cluster (contiguous set) i of RRHs R(i) € R,
sharing the capacity P of the corresponding AP. P is estimated based on the aggregate
throughputs delivered by the each of the RRHs in R(i) from the previous epoch. When a
cluster 7 is mapped to an AP, it is also assigned a channel &k € K, where K is the set of
channels in the Wi-Fi spectrum. Xi = [ captures this assignment (see Table 1 for a

complete set of notations).

13
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Table I: Notations usad in our problem
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[0047]  For a given number of APs (radios) and Wi-Fi channels, AmorFi aims to leverage
the C-RAN effectively to maximize the amount of traffic demand (unicast) that can be
satisfied at each of the RRHs in the current epoch. Towards capturing this objective, the
exemplary embodiments formulate the following optimization problem, (ONC: optimal
network configuration) where the goal is to find the network configuration (over the
universe C of all configurations) that maximizes A € [0,1]. The example embodiments
define A to be the minimum fraction of traffic demand satisfied across all the RRHs in the
network. A network configuration includes the AP-RRH mapping (determining the

capacity allocation) and the channel assignment to each of the APs.

14
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[0048] The first constraint indicates that the fraction of traffic demand satisfied at each
RRH r (denoted as Ar; called traffic satisfaction metric) by taking into account all APs
serving it, is greater than A. This makes A the minimum such value (that is maximized)
across the network. To calculate Ar, the example embodiments first determine the channel
capacity share that RRH r has (out of the cluster capacity P), when it is included in a cluster
together with other RRHs. Here, it is assumed that P is shared in proportion to the unicast
traffic demand of each RRH in the cluster. The second constraint ensures that the number
of clusters generated does not exceed the number of APs (IAl). The third constraint makes
sure that all the RRHs (with users to serve) are covered during clustering, and every RRH
has an AP assigned. The fourth constraint ensures that all the clusters that share a common
RRH, will be assigned different channels. The last constraint ensures that clusters that are

in the interference range of each other are not assigned the same channel.

15
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[0049] An AP is mapped to a contiguous set of RRHs, i.e., the clustered RRHs form a
connected set, where connectivity captures RRHs that are within interference range of each
other. The lack of such contiguity creates two drawbacks:

[0050] (1) Having an AP serve RRHs that are spread across the network reduces the
spatial reuse for that channel. Thus, keeping the RRHs closer helps maximize reuse.
[0051] (i1) As seen in the comparison 500 of Figure 5, with non-contiguous clusters, a
mobile user experiences frequent handoffs (bad for VOIP and streaming services). On the
other hand, a contiguous cluster creates a virtual large cell that reduces such disruptions.
With these drawbacks in mind, it is also required that the clusters (R(i)) determined be
contiguous.

[0052] ONC requires one to solve the problems of contiguous clustering and channel
assignment jointly. Since each individual problem is hard in itself, solving them jointly is
much more challenging. Hence, the exemplary embodiments are aimed to design efficient,
yet simple algorithms to solve ONC with the following intuition.

[0053] Two parameters impact the amount of traffic that can be supported: number of
radios (APs) and channels. The available radios control the maximum capacity that can be
served, and limit the number of RRH clusters that can be formed, while the clustering
process itself determines how much of the available capacity is efficiently used (and not
wasted) to satisfy the demand. When the available channels are assigned to the clusters,
they impact the net traffic demand that can be supported by a cluster based on the sharing
of its channel (and hence capacity) with other clusters in its neighborhood. While both
clustering and channel assignment impact the net traffic served, their relative contribution

to A is biased, where clustering plays a bigger role. The impact of channel assignment
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varies depending on the number of channels. For example, it has little to no impact in 5
GHz, where many channels (nine) are available, making it easier for a conflict-free channel
assignment, compared to 2.4 GHz (three channels), where it has appreciable impact.
[0054]  Given this biased effect, AmorFi realizes that the additional gains from solving
the two problems jointly are not appreciable to justify the associated high complexity.
Hence, AmorFi decouples the clustering process from channel assignment and has a two-
step approach as follows.

[0055] First, it addresses the clustering problem efficiently without accounting for
channel assignment (conflicts) between clusters (APs), to maximize the traffic satisfaction
(A) in the network. Then, given the clustering solution and the available channels in the
Wi-Fi spectrum, it assigns channels to clusters to resolve as many of the inter-cluster

conflicts and retain as much of the traffic satisfaction from the clustering process (4, where
A <\). While this decoupled approach incurs low complexity, it faces the challenge that
the clustering solution that maximizes A in the first step, may not contribute to a final
solution (after channel assignment) with the best traffic satisfaction (/T). In other words, a
clustering solution with a lesser A (after clustering) could potentially incur a lower loss
during the channel assignment step to yield a higher A.

[0056] To address this challenge, AmorFi employs an iterative optimization approach.
During the start of each epoch, the aggregate traffic demand of each RRH (based on
estimates from previous epochs) is input to the controller. The controller then runs the
iterative optimization, where it solves a dual of the problem in each iteration to determine

the most efficient network-wide configuration.
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[0057]  Step 1 - Initialize: Initialize A with an upper bound (Ao) on the traffic demand that
can be satisfied at each RRH. This corresponds to a configuration with maximum spatial
reuse by allowing each RRH to be served by a separate AP (no clustering needed).

[0058]  Step 2 - Cluster: In each iteration i, translate the A - maximization problem into
its dual version; where given a A;, determine the smallest number of APs (clusters) required
to satisfy Ai of the net traffic demand in each of the clusters. Then impose a logical
connectivity structure on the network of RRHs using breadth-first-search (BFS). The
structure is used to determine the smallest number of contiguous clusters of RRHs (#i)
that serve at least A; of the traffic demand in each cluster.

[0059] Step 3 - Assign Channels: Given the RRH clusters and the available Wi-Fi
channels, determine a feasible channel assignment to resolve conflicts between
neighboring (interfering) clusters. Update traffic satisfaction (i) to reflect reduction in
capacity (due to time sharing) when the same channel is assigned to interfering clusters.

[0060]  Step 4 - Iterate: Decrement A by a small constant 6 (say 0.01) for the next iteration

and repeat steps 2 and 3. Terminate when A = §.

[0061] Step 5 - Output Configuration: Determine the network wide configuration

g A;

corresponding to the highest A, namely @lsuch that number of APs employed

M The total time complexity of the example solution is

mEEM where 1 is the total number of iterations, and O(IRP) and O(IAI?) are the
complexities of the clustering and channel assignment components in each iteration

respectively. Each of these steps is described in detail below.
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[0062] At the start of an epoch 7, the controller obtains traffic statistics from the previous
epoch 7 - 1. Specifically, each AP a reports (1) average capacity Pa: the average of all the
MCSs (Modulation and Coding Scheme) used for transmissions (from RRHs in its cluster)
to all its clients; (i1) aggregate traffic demand 7%(r -1): aggregate of the traffic served to all
its users per unit time of the epoch 7 - 1; and (iii) number of RRHs n4( - 1) serving it. For
the upcoming epoch #, the controller combines information from all APs to estimate: (i)
average capacity P as the average of the capacity seen by all the active APs in the most
recent epoch 7 -1; and (ii) aggregate traffic demand per RRH r, 7 () as the exponentially

weighted moving average of traffic demand from prior epochs, i.e.,

Tiﬁmei 3 Fkﬁ_“%‘*{\imﬂ\#

SearER{RY ngit—1)

1.1t — 1}, where @ = (.9 is the filtering coeflicient.

[0063] AmorFi starts by initializing A to the theoretical upper bound calculated as the
ratio of total network capacity to the total traffic demand. The total network capacity is the
product of the number of APs (A) and the average channel capacity (IP), assuming that

every AP gets a non-overlapping channel (upper-bound). Thus,

[0064]  Since the traffic requirement at an RRH r (i.e., 1y, for iteration 1) can be
split and served by multiple clusters (APs), the contiguous clustering problem to determine
the minimum number of APs can be optimally solved if a Hamiltonian cycle with the RRHs
as the vertices (edges denote interfering RRHs) is constructed. Such a cycle would provide

the ordering in which the RRHs are traversed to produce the optimal clustering. However,

even determining the existence of a Hamiltonian cycle is NP-complete (in general graphs).
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Hence, AmorFi constructs an alternate ordering by creating a breadth-first search (BFS)
tree on the graph of RRHs, rooted at the RRH with the least degree.

[0065] AmorFi clusters (groups) RRHs are shown in system 600 (Figure 6), where
vertex numbers represent unicast traffic demand, starting with the root (vertex A) and
proceeding to subsequent levels. However, a BES ordering does not ensure that RRHs in
the same level are connected (for contiguous clustering purposes). Hence, when AmorFi
encounters an RRH that is not connected to the current cluster, it skips the RRH and moves
to the next RRH (that is connected) in the ordering, either in the same level if available or
next level otherwise. The current cluster terminates when the next vertex’s (RRH’s)
demand uses up the capacity - as seen in step 1 where the cluster starts with vertex A (20
units) and ends with vertex B (30 units) when 50 units are filled up.

[0066] When it is not possible to add the vertex to the current cluster and completely
cover its demand, AmorFi covers the vertex partially (i.e., satisfying a portion of its
demand). This is exemplified in step 2 where the cluster starts with vertex C (30 units),
continues with covering vertex D (10 units) and ends with partially covering vertex E for
10 units of traffic. Next, a new cluster is started from an un-clustered RRH at the current
level that has the lowest degree. The process continues until all RRHs are completely
covered. It is possible for the traffic demand at an RRH to be covered/served by multiple
clusters (APs), as seen for vertex E. This happens when the demand at the RRH is partially
covered by a first cluster. The RRH remains un-clustered, with its remaining demand being
covered later by other cluster(s). The BES structure creation and traversal for clustering

incurs a time complexity of O(IRP).
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[0067] It is possible for a cluster’s capacity to be under-utilized at the edges of the
network when no additional connected RRHs are available to use up the remaining cluster
capacity. This could contribute to more APs (than an optimal scheme) being required to
support a traffic satisfaction of A in the network. However, by intelligently using a
combination of both breadth-first and depth-first searches (on the BFS ordering) to
maintain RRH contiguity in clusters, as well as initializing a new cluster with a low degree
RRH, helps AmorFi keep this sub-optimality low. The evaluations/results reveal that
compared to a lower-bound scheme, where number of APs m* required to support A is

calculated without the contiguity requirement:

[0068] AmorFi incurs only x% additional APs. Further, in a cluster, where there is
remaining capacity, the remaining capacity is distributed among its member RRHs to

increase the traffic satisfaction of that cluster. Hence,

\@w
b4

[0069] The traffic demand delivered at each RRH from the clustering process is
feasible, only if there exists a channel assignment such that interfering clusters are not
assigned the same channel. As the clusters are formed in the clustering step, AmorFi
maintains a cluster graph (i.e., graph with clusters as vertices) along with its adjacency
matrix Cu. Ciwv = 1 if (a) Cluster u and Cluster v serve the traffic of a common RRH or (b)
If one or more RRHs that are part of Cluster u, are in the interference range of one or more

of the RRHs from Cluster v. As the vertices are added to the cluster graph (as and when

clusters are formed), AmorFi keeps track of the largest clique in the cluster graph. Note
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that finding the largest clique in a given graph (i.e., not constructed from scratch) is a
challenging task.

[0070] AmorFi employs the DSATUR coloring algorithm for assigning channels on the
cluster graph. The DSATUR algorithm is based on the concept of saturation degree of the
vertex, defined as the number of differently colored vertices that are neighbors to the vertex
in consideration. The colors used by all the neighboring vertices form a set of colors that
are non-admissible for the vertex in question. The general idea is to select the vertex (i.e.,
cluster) with the highest saturation degree and assign to it the least admissible color.
Overall time complexity is O(IAI%).

[0071] If the clique number of the cluster graph is greater than the number of colors

(channels, IAl), one or more adjacent vertices (clusters) are assigned the same color,

decreasing the corresponding cluster’s M The number of orthogonal channels in 5 GHz
(nine) is larger than typical clique sizes observed in the cluster graphs (two to six). Hence,
while AmorFi can eliminate the reduction in A-in 5 GHz, this may not be possible in 2.4
GHz, where there are only three channels. In this case, the coloring algorithm assigns the

same channel to one or more adjacent clusters (say n) in a clique with size more than three,

thereby reducing the per-cluster channel capacity for these clusters by a factor of 1/n.

Correspondingly, the \3‘ (from the clustering step) of all the RRHs in these adjacent

clusters that shared the same channel is scaled by 1/n. The minimum traffic satisfied across

all the RRHs at the end of the feasible channel assignment step is given by:

T EY

[0072] In the above algorithm, as 4; is decremented in each iteration, fewer APs would

be required to satisfy it. This is because, with lesser traffic demand, the size of each cluster

22



WO 2017/160365 PCT/US2016/067948

would increase as more RRHs can be served by a single AP. Ideally, to maximize 4, it
would be sufficient to stop at an iteration, when the number of APs required just satisfies
the available number of APs (input). However, the channel assignment process disrupts
this monotonic trend. While utilizing all available APs delivers the maximum traffic
demand 4;, it also increases the number of clusters and potentially the clique number,

consequently incurring a bigger reduction to 4; during channel assignment (resulting in a

final lower M&EM Thus, it is useful to search over the entire space of A (100 iterations with
0 = 0.01) to evaluate the relative impact of both the steps (clustering and channel as-
signment) and identify the best network configuration.

[0073] A common characteristic of high-density venues is the co-existence of unicast
(e.g., web browsing) and broadcast (e.g., video of sports highlights) applications. The key
challenge in addressing such heterogeneous traffic demands is to account for their
contrasting nature. If a user browses the web (unicast traffic), the user would increase the
traffic demand at the RRH. However, if the user subscribes to an already broadcasting
video stream, the user would have no impact on the traffic demand at the RRH. Optimizing
for the unicast traffic requires an increase in capacity at the RRH, favoring configurations
with small clusters that enable higher spatial reuse in the network. On the other hand,
optimizing for broadcast traffic requires expanding the coverage of already available
capacity to include multiple RRHs, thereby favoring configurations with large clusters.
[0074]  One way to address this is to optimize for unicast and broadcast traffic separately,
e.g., by treating them as two individual problems. This would yield a solution where the

APs would exclusively serve either unicast or broadcast traffic. In practice, a user

requesting a broadcast stream while browsing the web would have to be connected to two
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different APs (channels), which is impractical or suffer from poor performance in one of
the applications. Thus, the key challenge is to identify a common network configuration
that optimizes both the broadcast and unicast traffic jointly.

[0075] Given a separate traffic demand for unicast (75,,) and broadcast (77,») traffic at
an RRH, the ONC problem formulation remains the same except for the constraint on the
unicast traffic satisfaction, which would get replaced by the following two constraints for

unicast and broadcast, respectively.

.-

P

Aawd

[0076] Here, the same fraction of traffic satisfaction for both broadcast (Ar,1) and unicast
(Ar,p) traffic at an RRH is desired. v; is the output parameter that determines the amount of
cluster (AP) capacity that is split between broadcast and unicast demands, and is
responsible for the coupling between the heterogeneous demands.

[0077] Interestingly, the example algorithms are inherently equipped to address unicast
and broadcast demand jointly, requiring only a minor tweak to the clustering procedure.
Recall that AmorFi transforms the A-maximization problem to an iterative minimization of
the number of APs required to realize a given A. Hence, at each iteration, it increases the
size (coverage) of the clusters (APs) as much as possible, so as to minimize the number of
APs employed. This transformed optimization lends itself to optimizing for broadcast
traffic. Note that the most efficient use of a cluster’s (AP’s) capacity (say p) is to leverage

the broadcast advantage and serve an equivalent amount (p) of broadcast traffic demand
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from as many RRHs as possible. Hence, given separate traffic demands for unicast (T:,u)
and broadcast (Ty,») at an RRH and 4;, AmorkFi satisfies the broadcast demand (A;7%,p) first,
before satisfying the unicast demand (4;T:,u) at the RRH. This allows AmorFi to leverage
the broadcast traffic that is already served by the cluster to also satisfy (completely or
partially) the broadcast demand at the new un-clustered RRH being considered, thereby
utilizing the cluster’s remaining capacity to accommodate additional unicast/broadcast
traffic. In other words, whenever a new RRH, #, is added to a cluster c, only its additional

broadcast demand (if positive) not satisfied by the cluster’s existing broadcast traffic, i.e.,

i R FET E Y
Ac o fmy =~ N ~prat fo s bl . .. .
Ag o i .4 28X By «-ﬁ{‘g 3 Blwould eat into the cluster’s remaining capacity as

new traffic demand. Following this, the broadcast traffic satisfied by the cluster would
increase to 4;7%». The unicast traffic demand at the RRH is then handled as before.

[0078] Figure 7 illustrates an example 700 where 50% of the total demand at each RRH
is broadcast (B). The procedure starts at the root node (A) and cluster capacity is 50 units
as before (step 1). When adding vertex B to the cluster, the additional load from broadcast
traffic is only 5 units since the cluster already serves 10 units of broadcast from vertex A.
With vertices A and B in the cluster, they use 25 units of the capacity for unicast and 15
units for broadcast for a total of 40 units (leaving room for 10 units). Next, the cluster
exhausts its capacity by completely covering the broadcast demand of vertex E (for
additional 20 - 15 = 5 units) and partially covering the unicast demand for 5 units. In step
2, the new cluster initiates from vertex C using up 30 units (15 unicast and 15 broadcast).
When adding vertex D, the 5 units of broadcast demand comes for free since the cluster

already covers 15 units of broadcast. The additional 5 units of unicast traffic from vertex
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D increases the used capacity to 35 units. Finally, the procedure terminates by covering
vertex E’s remaining unicast demand for 15 units.

[0079] AmorFi’s transformed optimization helps determine efficient network
configurations that strike a good balance between the coverage benefits of large clusters
for broadcast and the reuse benefits of small clusters for unicast. If the traffic demand is
heavily biased towards a particular traffic type, AmorFi automatically tailors the configura-
tions to favor the dominant traffic. Further, AmorFi’s approach of delivering a given traffic
demand using a smaller number of radios also makes it energy-efficient.

[0080] The C-RAN-based WLAN architecture 800 is shown in Figure 8a. The APs can
be laptops equipped with dual-band 802.11 a/b/g/n Wi-Fi adapters. The main intelligence
of AmorFi resides in the central controller, which is a PC with Ubuntu 14.04 OS
responsible to collect AP reports and execute AmorFi’s algorithms. It then instructs the
APs to apply the channel assignment decisions and configures the switching unit to effect
the AP-RRH mappings. In the example implementation, the mappings are realized in the
optical domain where a programmable switching unit (i.e., an optical splitter) maps each
AP to zero or more RRHs, allowing a mix of one-to-one and one-to-many configurations.
The RF-to-optical units (RFOUs) are transceivers that convert the RF signal to optical for
the downlink, and vice-versa for the uplink. The external antenna of the AP is removed and
attached to the RFOU to provide the RF source at the AP side. On the RRH side, RFOUs
transmit/receive RF signals providing wireless access to clients. The RRHs in the testbed
can currently be fitted with only one RF antenna, restricting the system to use only SISO
(single input single output) transmissions. However, a proof-of-concept MIMO (multiple

input multiple output) deployment with multi-antenna RRHs has been achieved.
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[0081] The front-haul is based on Radio-over-fiber (RoF), where an optical signal is
modulated based on the input radio signal, and transmitted over Fiber Optic Cable (FOC).
Optical multiplexing helps carry multiple optical signals (corresponding to multiple RF
signals) on the same fiber, allowing RRHs to provide simultaneous service from multiple
APs (on different Wi-Fi channels). With FOC latency around 4 psec/Km, RoF retains the
signal synchronization across RRHs, as well as the timing constrains between uplink and
downlink signals. The RoF latency when compared to the minimum DIFS (DCF
(distributed coordination function) Interframe Space)) duration in 802.11 (34 usec, and 50
usec in 5 GHz, and 2.4 GHz band, respectively) is almost negligible, allowing APs to
carrier sense at the RRHs without any significant delay. Apart from RoF being simple to
realize, the signal attenuation is also not appreciable over long distances when deployed in
large venues. Figure 8b shows the layout of the testbed deployed in an indoor office
environment. In one example, four APs and four RRHs are illustrated due to limited
number of ports on the optical switch.

[0082] AmorFi’s performance and adaptability in a network with only unicast traffic is
evaluated. Later, it is extended to include both unicast and broadcast traffic.

[0083] The RRHs have interference relationships 900 as in Figure 9, where an edge
indicates that the two RRHs overhear each other. AmorFi is compared against two other
baselines: (a) Traditional WLAN, with no load balancing (Tr_no_LB) - agnostic to AP
load, where the clients associate to the AP with the strongest signal and (b) Traditional
WLAN with load balancing (Tr_LB) - distributes the clients evenly among all APs that can
potentially serve the clients (possibly with weaker signal), where the goal is to avoid unfair

load distribution among APs. These baselines are realized by static one-to-one
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configuration between the APs and RRHs (AP1 to RRH1, AP2 to RRH2 and so on). The
experiments are conducted without external interference in the 5 GHz band where AP
channel bandwidth is 20 MHz. Each AP is assigned an orthogonal channel. These channels
are represented as Chl, Ch2, Ch3, and Ch4.

[0084] The example embodiments used iperf to measure the maximum per-AP
throughput for UDP and TCP to be ~58 Mbps and ~49 Mbps, respectively with 64-QAM
(one spatial stream, 800 ns. guard interval and 65 Mbps bit rate). The total UDP and TCP
capacity with four APs is thus ~232 Mbps and ~198 Mbps, respectively. The example

embodiments used eight clients and set the traffic demand of each client to

Mmeaning that an AP can only satisfy the traffic demands of two clients.
[0085] Scenario I: Handling Traffic Surge: A first test is of the case when traffic demand
increases due to new clients joining the network over five time intervals (T1 to TS), each
lasting 20 seconds. The initial AmorFi mapping (prior to T1) is similar to the baselines
where each AP is mapped to a separate RRH. Figure 9 shows how this configuration
evolves to accommodate the changing user population at the end of a subset of intervals.
Each AP is represented by a gray-shade and each RRH takes the channel(s) of the AP(s)
that it is mapped to (e.g., RRH 4 is mapped to two APs on channels 2 and 3 after T2). RRH
nodes with no channel indicate that no AP is mapped to them (e.g., RRHs 1, 2 and 3 after
TS).

[0086] With load balancing, the user avoids overloading AP4 by connecting to AP3 (via
RRH3) at the expense of reduced throughput due to lower SNR (signal to noise ratio).
AmorFi on the other hand, sensing the shift in traffic demand, re-maps AP3 (from RRH3)

to RRH4 (Figure 9b). This allows the new user to be served by AP3 (avoiding overload)
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without sacrificing SNR since AP3 is mapped to RRH4 near the user. In subsequent
intervals (T3, T4), as new clients join the network, the baseline schemes progressively have
reduced traffic satisfaction with load balancing being slightly better (66% vs 61%). AmorFi
continues its 100% traffic satisfaction by adapting the front-haul configuration (not
illustrated in Figure 9). The final time interval TS shows the case when all eight users
congregate at RRH4. AmorFi maps all four APs to RRH4 (figure 9¢), distributing the
clients evenly and utilizing the entire network capacity. This helps AmorFi to completely
satisfy the demand while the baseline schemes’ traffic satisfaction drops to 38% (with load
balancing) and 25% (without load balancing). The higher traffic satisfaction ratios with
AmorFi reflect on the aggregate TCP throughput numbers delivering more than twice the
throughput of baseline schemes.

[0087] Scenario II: Handling Traffic Migration: Next, a test for the case where the traffic
demand stays the same (e.g., no users joining/leaving) is presented, but shifts across the
network due to user mobility. The configurations of AmorFi and the comparisons with
baseline schemes are in the configuration 1000 of Figure 10. During T1, the process starts
with eight users concentrated at RRH1 and AmorFi mapping all four APs to RRH1. During
T2 through T4, users move (in groups of four) towards RRH4 as seen in Figure 10. Finally,
during TS5, all eight users end up at RRH4. The two baseline schemes achieve traffic
satisfaction of only 60% and 51% in the best case (e.g., four users at an RRH at T2), and
36%, and 25% in the worst case (e.g., eight users at one RRH at T1 and T5). Meanwhile,
AmorFi offers 100% traffic satisfaction by distributing the demand evenly between the

APs, which also increases the aggregate network throughput.
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[0088] Scenario III: Unicast and Broadcast traffic: Broadcasting videos over Wi-Fi is
becoming increasingly popular in high-density venues. Accommodating such high-
bandwidth broadcast applications is challenging since any increase in the unicast traffic
demand invariably affects the quality of the broadcast video. An experiment is conducted
where the video quality of the broadcast videos is measured while varying the background
(unicast) traffic.

[0089] The experiment spans four one minute long time intervals (T1-T4). The
configuration 1100 of Figure 11 shows the initial user distribution during T1. All users
requesting broadcast traffic at each RRH, are collectively represented by one user with a
box around it. To serve the broadcast demand, the baseline schemes require all four APs
(and four channels) to broadcast the videos at cell level. On the other hand, network-wide
broadcast capability with AmorFi requires only one AP (and one channel) mapped to all
four RRHs to deliver broadcast videos to all subscribers (see Figure 11a). Starting with T2,
unicast users (each with traffic demand of 20 Mbps) gradually join the network at RRH4.
As the unicast traffic demand increases, video quality with baseline schemes suffer. On the
other hand, AmorFi maps additional APs (on channels 2 and 3) to RRH4 and enables them
to serve the unicast users, while allowing the AP on channel 1 to continue serving the
broadcast traffic over four RRHs. With five unicast clients, AmorFi manages a PSNR of
~30db, while the baseline schemes support ~15db (without load balancing) and ~18db
(with load balancing), respectively.

[0090] In conclusion, AmorFi is a radically new way of deploying WLANSs to handle
peak traffic demands with average-case provisioning. The key idea is to decouple baseband

processing from RF transmission (inspired by the centralized -RAN concept in cellular
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networks) and introduce software programmability to flexibly allocate Wi-Fi capacity in
real time based on varying traffic demands. AmorFi is implemented by using off-the-shelf
Wi-Fi APs over a RF-over-fiber centralized -RAN testbed. Experiments and simulations
demonstrate that the software-defined capacity allocation enabled with AmorFi
significantly improves throughput compared to traditional Wi-Fi deployments and
efficiently supports a mix of unicast and broadcast applications.

[0091] The foregoing is to be understood as being in every respect illustrative and
exemplary, but not restrictive, and the scope of the invention disclosed herein is not to be
determined from the Detailed Description, but rather from the claims as interpreted
according to the full breadth permitted by the patent laws. It is to be understood that the
embodiments shown and described herein are only illustrative of the principles of the
present invention and that those skilled in the art may implement various modifications
without departing from the scope and spirit of the invention. Those skilled in the art could
implement various other feature combinations without departing from the scope and spirit
of the invention. Having thus described aspects of the invention, with the details and
particularity required by the patent laws, what is claimed and desired protected by Letters

Patent is set forth in the appended claims.
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WHAT IS CLAIMED IS:

1. A computer-implemented method for dynamic provisioning of Wi-Fi capacity in
areas using a centralized radio access network (C-RAN) architecture, the method
comprising:

introducing a set of access points (APs) in a network for providing capacity required
to serve a plurality of users accessing heterogeneous content;

introducing a set of remote radio heads (RRHs) in the network acting as
transmit/receive points;

tracking traffic fluctuations; and

adapting front-haul configurations at a granularity of epochs, where measurements

from previous epochs serve as input to drive current epochs.

2. The method of claim 1, wherein the front-haul configurations are adapted to serve
user traffic demands in terms of capacity and requests for accessing the heterogeneous

content, such as unicast and broadcast content.

3. The method of claim 2, wherein the front-haul configurations are optimized to

serve users of the plurality of users requesting the unicast and broadcast content

simultaneously.

4. The method of claim 1, wherein the C-RAN is a distributed antenna system

(DAS).
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5. The method of claim 1, wherein each RRH of the set of RRHs requires a traffic
demand for a current epoch based on weighted average of demands from the previous

epochs.

6. The method of claim 5, wherein the traffic demand is an estimate of aggregate
throughput requirements of one or more users of the plurality of users accessing the

network through a RRH of the set of RRHs.

7. The method of claim 1, wherein each AP of the set of APs is mapped to a

contiguous set of RRHs.

8. The method of claim 1, wherein clusters of RRHs are formed such that a number

of RRH clusters does not exceed a number of APs.

9. The method of claim 8, wherein each of the RRH clusters sharing a common

RRH are assigned different channels and wherein each of the RRH clusters positioned in

an interference range of each other are not assigned a same channel.
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10. A system for dynamic provisioning of Wi-Fi capacity in areas using a
centralized radio access network (C-RAN) architecture, the system comprising:
a memory; and
a processor in communication with the memory, wherein the processor is
configured to:
introduce a set of access points (APs) in a network for providing capacity
required to serve a plurality of users accessing heterogeneous content;
introduce a set of remote radio heads (RRHs) in the network acting as
transmit/receive points;
track traffic fluctuations; and
adapt front-haul configurations at a granularity of epochs, where

measurements from previous epochs serve as input to drive current epochs.

11. The system of claim 10, wherein the front-haul configurations are adapted to
serve user traffic demands in terms of capacity and requests for accessing the

heterogeneous content, such as unicast and broadcast content.

12. The system of claim 11, wherein the front-haul configurations are optimized to

serve users of the plurality of users requesting the unicast and broadcast content

simultaneously.

13. The system of claim 10, wherein the C-RAN is a distributed antenna system

(DAS).
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14. The system of claim 10, wherein each RRH of the set of RRHs requires a traffic
demand for a current epoch based on weighted average of demands from the previous

epochs.

15. The system of claim 14, wherein the traffic demand is an estimate of aggregate
throughput requirements of one or more users of the plurality of users accessing the

network through a RRH of the set of RRHs.

16. The system of claim 10, wherein each AP of the set of APs is mapped to a

contiguous set of RRHs.

17. The system of claim 10, wherein clusters of RRHs are formed such that a

number of RRH clusters does not exceed a number of APs.

18. The system of claim 17, wherein each of the RRH clusters sharing a common

RRH are assigned different channels and wherein each of the RRH clusters positioned in

an interference range of each other are not assigned a same channel.
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19. A non-transitory computer-readable storage medium comprising a computer-
readable program for dynamic provisioning of Wi-Fi capacity in areas using a centralized
radio access network (C-RAN) architecture, wherein the computer-readable program when
executed on a computer causes the computer to perform the steps of:

introducing a set of access points (APs) in a network for providing capacity required
to serve a plurality of users accessing heterogeneous content;

introducing a set of remote radio heads (RRHs) in the network acting as
transmit/receive points;

tracking traffic fluctuations; and

adapting front-haul configurations at a granularity of epochs, where measurements

from previous epochs serve as input to drive current epochs.

20. The non-transitory computer-readable storage medium of claim 19,

wherein the front-haul configurations are adapted to serve user traffic demands in
terms of capacity and requests for accessing the heterogeneous content, such as unicast and
broadcast content; and

wherein the front-haul configurations are optimized to serve users of the plurality

of users requesting the unicast and broadcast content simultaneously.
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