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Abstract—In this paper, a cross-tier cooperation framework
in H-CRAN is proposed to mitigate inter-tier interference.
Specifically, a small cell remote radio head (S-RRH) acts as the
relay for multiple macrocell users (MUEs), and obtains a frac-
tion of time slot from multiple MUEs as a reward. Through
the cooperation, the S-RRHs can obtain extra spectrum resource
for serving small cell users (SUEs) which are secondary users,
while the MUEs which are primary users can improve their
data transmission utility. The cooperation problem is formulated
as a mixed integer programming, which is NP-hard. To solve
this problem, we transform the cooperation problem into a joint
cooperation time and power allocation problem and a coopera-
tor selection problem. First, we solve the joint cooperation time
and power allocation problem to obtain the maximum coopera-
tion utility of all the possible cooperating pairs. We derive the
closed-form solution for the allocation problem by using linear
independence constraint qualification and Karush-Kuhn-Tucker
conditions. Then, we solve the cooperator selection problem by a
two-sided matching algorithm. Extensive simulation results show
that the utility of macrocell networks and small cell networks can
be improved by adopting the proposed cooperation framework,
and the cooperator selection result is stable and close-to-optimal.

Index Terms—Heterogeneous cloud radio access network,
cognitive radio, cooperation, interference mitigation, many-to-one
matching.

I. INTRODUCTION

HE EMERGING data-hungry mobile applications

(e.g., mobile virtual reality, HD video streaming)
will consume substantial spectrum resources in order to
deliver satisfied quality of service (QoS) [2]. Meanwhile,
mobile users’ demands for ubiquitous wireless connections,
gigabit per-user data rate, ultra-low end-to-end latency,
and reduced communication costs are ever increasing. To
meet these requirements, the heterogeneous cloud radio
access network (H-CRAN) architecture, which integrates
heterogeneous networks (HetNets) and cloud radio access
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networks (C-RANs), has been proposed to further improve
both spectrum and energy efficiency, as well as network
performance, through interference mitigation and dynamic
spectrum sharing [3].

H-CRAN inherits the hierarchical architecture of HetNets to
increase spectrum reuse, while the merits of C-RANs enable
controlling the networks in a centralized manner at lower
expenditure. In C-RANS, a large number of low-cost remote
radio heads (RRHSs), which are connected to the base band
unit (BBU) pool, are widely deployed [4]. The resource allo-
cation and interference management decisions are carried out
at the BBU pool where cooperative processing schemes can be
leveraged based on the cloud capabilities. In this way, C-RANs
and HetNets are complementary in interference mitigation
and resource allocation, which contribute to higher spectrum
and energy efficiency. Moreover, the RRHs are connected to
the BBU pool through high bandwidth fronthaul links, e.g.,
optical fiber and millimeter wave communications, to enable
centralized processing and collaborative transmission [5]. In
addition, the global knowledge available at the BBU pool
enables the C-RANSs to timely assign radio resources to RHHs
according to the changes in user demand and mobility [6].
As a result, significant transmission rate improvement can
be achieved due to reduced path-loss, joint scheduling, and
signal processing. However, this new H-CRAN architecture
introduces new challenges for novel resource allocation and
performance optimization algorithms. Moreover, the charac-
teristics of H-CRAN, including the network heterogeneity and
high density, make the inference management a challenging
task. Especially, the intra-tier interference among RRHs can
be reduced with centralized cooperative processing in the BBU
pool, while the inter-tier interference between small cell RRHs
(S-RRHs) and the macrocell RRH (M-RRH) still needs to
be addressed to fully unleash the potential of the H-CRAN
architecture [7].

Aiming at reducing the inter-tier interference, cognitive
radio (CR) can be leveraged by proactively avoiding co-
channel interference, which results in higher spectrum and
energy efficiency. Specifically, cognitive HetNets are capable
of performing spectrum sensing, power and frequency adjust-
ment [8]. In cognitive HetNets, the small cell base stations
(SBSs) have to avoid being allocated with spectrum that is
occupied by the macrocell networks. The key idea of inter-
tier interference mitigation in cognitive HetNets is that, all
small cell users (SUEs), which are secondary users, should
autonomously sense the spectrum band of the macrocell and
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report the sensing results. Therefore, the SBSs periodically
allocate subframes to SUEs to perform spectrum sensing.
However, in this case, spectrum sensing may not be accurate
due to sensing errors (i.e., false alarm and miss detection) [9],
and spectrum handover is required for the SUEs when the
macrocell users (MUEs) reappear. SUEs may need to either
switch to another temporarily idle channel or wait until the
original channel is available again. As a result, it is important
to explore the cooperation framework between the macrocell
networks and the small cell networks. The resource allocation
problem in the integrated architecture is challenging since it
involves two parties that need to negotiate with the allocation
decision.

Moreover, cooperator selection is also challenging since
partner selection strategy affects the cooperation performance,
i.e., the cooperator with better relay capability contributes to
higher transmission rate. Hence, S-RRHs are chosen to act as
the cooperators since they have more powerful relay capability
than the SUEs, and they can support concurrent transmission
as well. Thanks to the merits of C-RANS, the cooperator selec-
tion can be performed in a centralized manner with timely
decision. To this end, we design a framework for coopera-
tion between one or multiple MUEs and one S-RRH, and the
benefit is quantified in terms of data transmission utility. The
MUE:s, who suffer from poor channel conditions, are allowed
to access an S-RRH after the cooperation relationship between
the S-RRH and the MUE:s is established, and the S-RRH acts
as a relay for these MUEs. In return, the cooperative S-RRH
acquires a fraction of spectrum for serving SUEs as a reward.
By cooperating with more MUEs, the S-RRHs will access
more spectrum. More specifically, this cooperation framework
can benefit the scenario in which the MUE is located at the
cell edge and suffers from poor performance from the serv-
ing M-RRH. In this paper, to address the above challenges,
we propose a cooperation framework to mitigate interference
in the H-CRAN architecture, and the main contributions are
summarized as follows.

o We establish the cooperation framework in the H-CRAN
architecture with the objective of maximizing the data
transmission utility and enhancing spectrum efficiency.
The S-RRH acts as relay for MUEs while the SUEs
adaptively tune their transmission power.

¢ We model the cooperation problem as a mixed integer
programming, which is NP-hard. Then, the problem is
transformed into a joint cooperation time and transmis-
sion power allocation problem and a cooperator selection
problem. We derive the closed-form solution to the allo-
cation problem by using linear independence constraint
qualification (LICQ) and Karush-Kuhn-Tucker (KKT)
conditions, while the cooperator selection problem is
solved by a two-sided stable matching algorithm.

o We demonstrate the effectiveness of the proposed algo-
rithm in improving data transmission utility via extensive
simulations. In particular, MUEs can obtain higher data
transmission utility, while S-RRHs can acquire more
spectrum access opportunities for data transmission by
serving SUEs. The inter-tier interference can be mitigated
through cooperation as well.

The remainder of this paper is organized as follows.
Section II reviews the related work. The system model is
described in Section III. In Section IV, the cooperation
problem in H-CRAN is formulated, followed by the proposed
cooperator selection strategy in Section V. Numerical results
are shown in Section VI. Finally, concluding remarks are given
in Section VII.

II. RELATED WORK

Extensive research efforts have been devoted to interference
mitigation in HetNets [10]-[15]. In [11], Adhikary et al
investigated interference mitigation with massive-MIMO in
HetNets where three interference coordination strategies with
low complexity are proposed. The authors in [12] addressed
the co-channel control and interference mitigation problem
using directional antennas by establishing a stochastic geom-
etry model. In [13], Li et al. studied the inter-tier interference
coordination for HetNets where a 3D beamforming transmis-
sion approach is used for MUEs. Vu et al. formulated a joint
load balancing and interference mitigation problem in HetNets
as a network utility maximization problem to improve the cell-
edge performance in [14]. In [15], a resource management
approach is proposed that effectively manages interference
across femtocells in a distributed manner.

Moreover, some research works investigate on interference
mitigation for HetNets by using CR technology [16]-[20].
However, those works focus on interference mitigation for
HetNets. Reducing interference is even more challenging for
H-CRAN since interference mitigation is complicated with
additional BBU pool in the network. Meanwhile, several
cooperation frameworks have been investigated in various
network scenarios to mitigate interference, such as in small
cell networks and cognitive radio networks. In [21], an SU
acts as a relay for an MUE. In return, the cooperative
MUE grants a fraction of its superframe to the SU, and
the cooperation is formulated as a coalitional game. In [22],
Urgaonkar and Neely investigated a control scheme for coop-
eration between SUEs and MUESs under both cooperative relay
model and interference model. Zhang et al. [23] investigated
a cooperation scheme that multiple secondary users are coor-
dinated to cooperatively sense the channels owned by the
primary users for different interests. A subchannel allocation
problem is formulated as a cooperative game among FUEs
under the hybrid overlay/underlay access mode in [24]. In [25],
a quadrature signaling based cooperation scheme is proposed
to reduce the interference between primary users and sec-
ondary users in cognitive radio networks. In [26], Langar et al.
proposed a game-theoretic scheme for strategic resource and
power allocation problem in cooperative femtocell networks
with a high density of femtocell access points, and they
formulated the problem as an operations research game.
Wu et al. [27] investigated the cooperative traffic offloading
among mobile devices which are interested in receiving com-
mon contents from a cellular base station. The aforementioned
works focus on interference mitigation in HetNets or CR
networks.
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In contrast, our work investigates the interference issue in
the H-CRAN, which is more challenging. In an H-CRAN
architecture, the infrastructures are different from the ones
in HetNets or CRNs, whereas the conventional base stations
are divided into BBUs and RRHs. Therefore, the coordi-
nation among RRHs as well as the coordination between
RRHs and BBUs need to be investigated. In order to deal
with these coordination issues, new models and schemes are
required. Peng et al. [3] proposed a contract-based interference
coordination scheme for downlink transmissions in H-CRAN.
However, the baseband signal processing functionality is
deployed in both the macro base station and the BBU pool,
which compromises the benefits of separated base station
functions in C-RANs. Moreover, interference management in
uplink transmissions is more challenging since all users can
independently adjust their transmission powers. Hence, the
transmission rates of all users will be different from one to
another accordingly. Therefore, we focus on a cooperation
framework to mitigate interference for uplink transmissions.
We consider the cooperation among multiple S-RRHs and
MUEs. Compared to our prior work [1], we have extended
it by allocating the cooperation time and transmission pow-
ers of the S-RRHs simultaneously to improve the system
performance. The joint time and power allocation problem is
difficult to solve since the objective function is non-convex.
We solve the problem by using LICQ and KKT conditions.
Moreover, we have illustrated the utility of the MUEs and
S-RRHs via additional simulation results to demonstrate the
effectiveness of the proposed algorithm.

III. SYSTEM MODEL
A. Network Model

We consider the uplink transmissions of an orthogo-
nal frequency division multiple access (OFDMA) H-CRAN
system that consists of one M-RRH and multiple S-RRHs.
The surrounding SUEs are served with probabilistic spectrum
access opportunities. All the RRHs, including the M-RRH and
the S-RRHs, are connected to the BBU pool via optical fibers
or mmWave communications [28], as illustrated in Fig. 1.
The small cell networks coexist with the macrocell networks.
CR technology is adopted where each small cell base station
senses the spectrum occupation of neighboring cells, and then
accesses the spectrum via one of the disjoint subchannels, thus
avoiding interference from adjacent small cells. Thanks to the
centralized architecture of H-CRAN, the coordination among
the small cell base stations can be implemented in the BBU
pool to reduce the interference. We consider a single macro-
cell system in which M = {1,2,..., M} denotes the set of
MUESs within the macrocell coverage and K = {1,2,..., K}
denotes the set of S-RRHs. Each S-RRH serves a set of SUEs
in its proximity, represented by set A. Accordingly, each
macrocell has K sets of SUEs N' = {N1,Na,...,Ng}, and
N ={1,2,...,|Ng|} where |[N}| represents the cardinality
of set V.

The spectrum access modes in HetNets can be classified into
three types: open access, closed access and hybrid access [29].
In the open access mode, all the users of a cellular provider

‘—’ J

BBU Pool

——Transmission Link <+— Backhaul Link

— = = pInterference Link <4—> Fronthaul Link

(a) Without cooperation. The black solid lines and red dash lines
represent the transmission links and interference links, respectively.

Core Network N E—
BBU Pool

<«— Backhaul Link
<4— Fronthaul Link

——» First-phase Transmission

- — — »Second-phase Transmission

(b) With cooperation. The black solid lines and black dash lines represent
the first-phase transmission and the second-phase transmission during the
cooperation, respectively.

Fig. 1. The H-CRAN framework. The green link is the backhaul link between
core network and BBU pool, and the blue links are the fronthaul links between
BBU pool and RRHs.

are allowed to access the S-RRH, such as the hotspot in a
restaurant or shopping mall. However, the disadvantage of
open access is the throughput of small cells decreases with the
increasing number of users, and certain security issues remain
to be addressed. According to a survey in [30], users pre-
fer small cells with closed access mode, in which the S-RRH
allows only its own subscribed users to establish connections.
Most small cells deployed in residential areas employ this
access mechanism for security reasons. Hence, we investigate
a cooperation framework based on closed access mode in this
work. MUEs are granted to communicate with the S-RRH after
the cooperation relationship between MUEs and S-RRH has
been established.

B. UE Utility Model

The cooperation between MUEs and S-RRHs operates in a
time-slotted manner. The channels are considered to be stable
during a fixed time slot 7, but vary independently from one slot
to another. The assumption that the channel state information
(CSI) is available is commonly used, and note that in practi-
cal H-CRAN, CSI needs to be obtained via various estimation
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techniques including the minimum mean-square-error estima-
tion, the least squares estimation, and the maximum-likelihood
estimation [31], which is, however, out of the scope of this
work. Instead, a time slotted system is adopted. In each time
slot T, we model the wireless channel as a distance-based log-
normal distributed shadowing channel [32]. The channel gain
is given by

h? = Sd~7|g|? (1)

where «y € [3, 5] is the path loss exponent [33], and d denotes
the distance between the transmitter and receiver. S is the log-
normal shadow fading variable with mean of 0 dB and standard
deviation of dg dB, and |g| is the Rayleigh fading magnitude
with E[|g|?] = 1.

1) Non-Cooperation Mode: In the non-cooperation mode,
the utility of transmission from MUE,, (m € M) to the
M-RRH can be written as:

0P N
hZ P, + o2

m TL,O

Unm = TBy, logy (1 +
Eneﬂ

where B, is the bandwidth, and T represents the duration of
one time slot. Py, is the transmission power of MUE,,, and
Py, is the transmission power of SUE,,. The channel fading
coefficients from MUE,, to the M-RRH and from SUE,, to
the M-RRH are denoted by A, o and hy, o, respectively. n €
Qp, is the set of SUEs operating on the same subchannel with
MUE,,, and o2 is the variance of the additive white Gaussian
noise.

In the closed access mode, any unregistered users approach-
ing the S-RRH will experience adverse interference. The utility
of SUE,, (n € N,) transmitting to the S-RRH, (k € K) is
calculated by

2
hn,kP” 3)
Zme\lln h?%l,kpm + o?

where hy, 1 and hy, . represent the channel fading coefficients
from SUE,, to S-RRH}, and from MUE,,, to S-RRH},, respec-
tively. BY denotes the bandwidth allocated to SUE,, served
by S-RRH;. m € ¥, is the set of MUEs operating on the
same subchannel with SUE,,.

The outage probability of MUE and SUE can be computed
as the probability of the signal to interference plus noise ratio
(SINR) below a certain threshold 6,,, and 6,,, and are given by

Uk = TBE10g, (1 +

h2, oPm
: <Om ¢, 4
e 2 oPn+o? =" @
P P P P 0 5
= 2 < .
outy T Zme\pn hZ@kPm +02 >~ Un ( )

We present the utility equations of non-cooperation mode to
illustrate the difference compared with the cooperation mode,
which is given in the following subsection.

2) Cooperation Mode: Cooperation can help improve the
utility of macrocell network and small cell network simulta-
neously. MUEs transmit data to the S-RRHs, and then the
S-RRHs relay MUEs’ data to the M-RRH. Therefore, in the

Poutm :Pr{

cooperation mode, the utility of MUE,, cooperating with
S-RRHy, is expressed as (see (12) and (13) in [34])
SNRy, . - SNR}, o
SNR, j + SNRy o + 1)
hZ, kit o Pm P
hTkaPm + h,%yOPk + a2>
(6)

where SNR,, ; and SNRy  represent the signal-to-noise
ratio from MUE,, to the S-RRH; and from S-RRHj to
the M-RRH, respectively. P; is the transmission power of
S-RRHy, and vy, p, is a time fraction factor of S-RRHy, coop-
erating with MUEy,,. h,, 1, and hy, o denote the channel fading
coefficients from MUE,, to S-RRH; and from S-RRH; to
M-RRH, respectively. Note that (6) is derived by multiply-
ing the cooperation transmission rate and the cooperation time
ay, m on frequency band Bp,, which represents the cooperation
utility.

Similarly, the utility of SUE,, associated with S-RRHj
gained through cooperation with the MUE,, is given by

h2 . P,
n,k ) (7)

a]fl = Ay, m T'Bm logy <1 +

1
— ak7m TBm 10g2 <1 + ? .

o2

E,’f = (1 — ak,m) Téﬁ logs <1 +

where BF = B]{}g’“. |NVj| is the number of SUEs which
are served by S-RRHj, and ¢; is the number of MUEs
that S-RRHj cooperates with. It is worth noting that,
for (6) and (7), they are formulated based on SNR as
interference does not exist due to cooperation. Since the
S-RRHs choose to cooperate with the MUEs, the SUEs who
are served by the S-RRHs will not cause the interference to
the MUEs.

IV. PROBLEM FORMULATION

The small cell networks are formed based on the spectrum
requirements from geographically close SUEs. The S-RRHs
cooperate with the MUEs who suffer from poor throughput
performance. The S-RRHs operate as relays to help MUEs
transmit data since the S-RRHs have better relaying capabil-
ity than that of the SUEs. In return, the S-RRHs acquire extra
spectrum access opportunities for serving SUEs. The cooper-
ation between MUEs and S-RRHs is a win-win game in that
the MUEs can improve their performance, and the S-RRHs
can help SUEs acquire more spectrum resource.

When the BBU pool performs resource allocation, coopera-
tion formulation is also considered. During the cooperation
process, S-RRHj cooperates with multiple MUEs within
interval oy, ,,, T'. In return, the S-RRH}, acquires the remaining
time slot (1 — v, ,,,) T for its serving SUEs. Note that differ-
ent S-RRHs have distinct oy, ,,,. Therefore, the optimization
problem of our proposed cooperation framework can be
formulated as follows:

(P) : maximize Z Z Tk m, 57]fl+ Z a]f
Ik,m»ak’,mka
kel meM neNy
subject to Z Tpm <1, Vm e M
kel
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Z Tom < Gk, Vk e K
meM

Tg.m € 10,1}, VE € K, m € M
0<ap, <1, VEeK,meM
PminSPkSPma:E

Uk > umn vk ek

> UF > upin, vme M 8)
nGNk

where 177]; and ﬁ,f are given by (6) and (7), respectively.
), m = 1 indicates that S-RRH, is assigned to cooperate with
MUEy,. Otherwise, zj ,,, = 0. The first constraint indicates
that MUE,,, can be associated with at most one S-RRH. gy, is
the maximum number of MUEs the S-RRH;, choose to coop-
erate with. The second constraint means that each S-RRH,
can cooperate with at most g MUEs. P,;, and P4, are
the minimum and maximum transmission power of S-RRH,
respectively. U™ and U]Z:”m denote the minimum achieved
cooperation utility for the MUEs and S-RRHs, respectively.

The optimization problem (8) is a mixed integer
optimization problem which is NP-hard. There is no readily
available algorithm that gives the optimal solution to NP-hard
problems at large scale within a reasonable amount of compu-
tational effort and time. To solve this problem, we transform
it into a joint cooperation time and transmission power alloca-
tion problem and a many-to-one matching problem [35], [36].
The optimal solutions of ay ,,, and Py are firstly obtained
by the BBU pool and broadcasted to the RRHs and users.
Then, the MUEs, of which transmission condition is poor, join
the cooperation to improve their performance. The S-RRHs
that require spectrum access opportunities also join a sta-
ble matching set with MUEs. Afterwards, the S-RRHs and
MUESs generate their cooperating preference lists separately.
Then, by adopting the two-sided cooperator selection algo-
rithm, matched cooperation pairs between one S-RRH and
multiple MUEs can be obtained.

In the following, we focus on tackling problem P to obtain
the optimal solution on joint cooperation time and power allo-
cation and cooperator selection which correspond to the three
variables ay, Py and 1z, in the objective function. The
value of 7y, ,,, depends on the values of ay ,,, and Py since
they contribute to the positions in the MUEs preference lists.
But the values of ay ., and Py are not affected by z -
Therefore, to tackle the challenging problem P, we take full
use of its special structure and further decompose it into an
equivalent cooperation time and power allocation problem P
and cooperator selection problem Pa, respectively.

A. Cooperation Time and Power Allocation Problem

As mentioned above, we need to obtain the values of ay, .,
and Pj for each S-RRH first. However, how to choose the
values of ay ,, and Py for each S-RRH is challenging. On
one hand, the MUEs are expecting an «y, ,,, value to be as
large as possible to increase their utility; on the other hand, the
S-RRHs prefer a smaller value of «ay, ,,, since smaller oy, p,
gives longer spectrum access time for their serving SUEs. This
contradiction seems to be hard to deal with, but we notice

that when the MUEs have the minimum cooperation utility
requirement, the value of oy, ,,, can be compensated with the
increasing value of Pj. Hence, we take the total utility of the
cooperation pair between MUE and S-RRH into consideration,
which is shown in P;

(P1) : Fﬁ,’%-‘r Z Fﬁ,’f

TLE./\/k
0§Qk7m§1, Vke K,meM
Prin < P < P
Uk > umn vk ek
v Y Uy > U™, Vme M. (9)
nENk

maximize
Ak m 7Pk

subject to

The optimal values of «y ,, and Py are decided based
on channel conditions and the minimum cooperation utility
requirement of S-RRHs and MUEs, which will be elaborated
in Section V.

B. Cooperator Selection Problem

When the feasible solutions of oy, ,,, and P}, are obtained by
solving P1, we can formulate a cooperator selection problem,
denoted by

(P2) :maz;guze Z Z Tk m Uk,m

ke meM

subject to Z Tpm <1, Ym e M
ke
> Gy < g VEEK
meM

T, €10,1}, VE € K,m e M (10)

where Uy, = ﬁ,ﬂ% +> e N, ﬁ,’f We convert the cooperator
selection problem into a many-to-one matching problem and
solve it by the two-sided cooperator selection algorithm.

We decompose the primary optimization problem into two
sub-problems: the cooperation time and power allocation
problem and the cooperator selection problem. In the pri-
mary optimization problem, the two sub-problems are coupled
with each other. The values of cooperation time fraction and
transmission power depend on the cooperation pairs between
S-RRHs and MUE:s since different choices of the cooperator
partners contribute to different data transmission utility, and
vice versa. However, in the first sub-problem, we obtain the
cooperation time fraction and transmission power of all the
possible cooperation pairs, and then, choose the optimal one
with the highest data transmission utility. The complexity of
solving the problem is increased by using the decomposition
method, but we can achieve the near optimal solution of the
original NP-hard problem.

V. COOPERATOR SELECTION STRATEGY

In this section, we present the cooperation procedure. Then,
we give the closed-form solution of problem P by solving
cooperation time and power allocation problem P; and coop-
erator selection problem Po, respectively. Particularly, problem
1 is addressed to achieve the optimal ay, ,,, and Py, by using
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Check:
Are MUEs suffering poor
channel condition?

No

Request:
MUESs send cooperation
requests to the BBU pool

|

Allocate resources:
Cooperation time and
power allocation

l

Compute:
Generates the preference lists
of both MUEs and S-RRHs

:

Propose:
Each S-RRH proposes its top-
rank choice of MUEs

'

Accept/ reject: Yes
Each MUE accepts its favorite
S-RRH and rejects the rest

¢—1

Check: No. Check:
Every S-RRH reaches » Are there any MUEs not
their quota? paired?

Yes No
Terminate:

A stable matching between S-RRHs
and MUEs

A

Fig. 2. Flow diagram of the cooperation procedure.

KKT conditions, and the optimal cooperator selection problem
P> is tackled to obtain the optimal cooperator selection from
the viewpoint of bipartite graph many-to-one matching.

A. Cooperation Procedure

The proposed cooperation procedure is performed according
to the flow chart in Fig. 2. When the transmission links of the
MUE:s are in poor condition, they will firstly send the cooper-
ation requests to the nearby S-RRHs. Second, if the S-RRHs
would like to accept the requests, they will send the feed-
back information together with their relaying power P and
cooperation time fraction ay, ., to the MUEs. Third, both the
MUESs and S-RRHs will generate their cooperation preference
lists. Finally, a many-to-one stable matching is performed to
establish the cooperation pairs.

B. Cooperation Time and Power Allocation Problem

From the objective function of problem P71, we can see that
the first term of the function increases with ay, ,,, and Py, while
the second term decreases with ay, ,,,, without being effected
by the Pj;,. Based on (6) and (7), we have

Upym = Up+ YUY
nENk

= TBu{ [Fr,m(Pt) = Gm]@km + Gem ), (1)
where
2 2
1 hm khk ()PmPk
F Pp)=logy|[ 14+ — - : : (12)
,m( ) 2 0.2 hg@’kpm + hl%,OPk + 02
and
hZ , P,
gk n,k* 1
Grom = 7 logg| 1+ :
" |Nk| TLEZ./\fk Zme@n h?mkpm—'—O'Q
(13)

Therefore, we can rewrite the optimization problem P as

(”P{) : minimize TBm{ [ka — Fk,m(Pk)]ak,m_Gk,m}

Qk,m, Pr
subject to ay, ;, >0
—Qf oy T+ 1>0
Pk - Pmm >0
—Pr + Pz >0
&k TBm Fi n (Pr) — Upn™ > 0
(1 — agm) TBim G — U™ > 0. (14)

It is difficult to obtain the closed-form solution of the above
nonconvex problem, so it is preferable to linearize and solve
the optimization problem in dual space, but the resultant com-
putation is intensive. For our purpose, it is feasible to solve
the problem as discussed below.

Using first-order necessary conditions, we are considering
the following program. Since the objective function is con-
tinuous, we can rewrite the constraints as 0 < A < 1,
Prin < Py < Praa, ak,mTBka,m(Pk) - U;r?m >0

U

and ay,, < 1 — gglie—. Since U™ < TBy, Gy . the
ymin 1 . .

1 — 75 kG < 1. We can find that the feasible solution
mYUk,m

A . Umin
of P is a closed set with 0 < ay ,,, < 1 — W and

PminSPkSPmax~

Proposition 1: In problem Pj, there must be a feasible
solution and the solution reaches the optimal point at the
boundary.
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Please refer to the Appendix for the proof of this
proposition. Therefore, we can obtain the optimal solu-
tions o, and P} as

[N | Uprin
TBy logy [ 14—k
dk m 1089 > e, h72n,kpm+o-2
Gk,m < Fk,m(Pmax)
= TPy’ Chom > Floym(Prmaz)
* Umin |Nk| Umin
@ __ Ym0 _ WVEIYe (15)
kom € | TR T Pra)” 4 TBy,
1
X K2 P )
logy [ 14+ =——k "
med)n hm,kPm+a
Gk,m = Fk,m(Pmaz)
and
P];k = Prmaz- (16)

There are three different optimal solutions of oy, ,,, depending
on three different conditions, and the optimal solution of Py, is
achieved at the maximum value. After problem P; is solved,
we will address P» in the following.

C. Many-to-One Matching for Cooperator Selection Problem

In this subsection, we first convert the optimization problem
‘P» into a bipartite graph, in which a many-to-one matching is
needed. Then, we solve the many-to-one matching by using a
two-sided stable matching algorithm.

The cooperation selection problem is converted into a
many-to-one matching in which the cooperation consists of
two sets of agents: K S-RRHs and M MUEs. S-RRHs are
denoted by K = {1,2,..., K}, and MUEs are expressed by
M ={1,2,...,M}. In reality, each agent has a strict pref-
erence list of the acceptable agents on the other side. Let
I' € K x M denote the set of acceptable pairs. g, is a positive
integer which denotes the quota, in other words, it is allowed
up to g MUEs cooperating with S-RRH k. Without loss of
generality, we assume that (i) k£ finds m acceptable if and only
if m finds k acceptable, and in this case, we say that (k, m)
is an acceptable pair; (ii)) S-RRH £ finds at least g MUEs
acceptable, and each MUE finds one S-RRH acceptable. Note
that we consider the preference lists in which the S-RRHs have
preferences over individual MUEs, not over groups of MUE:s.

With the aim of not only trying to maximize the cooperation
utility, but also considering the stability of the cooperation,
we adopt the two-sided many-to-one stable matching approach
which takes both parties’ interests into consideration. Each
user has a preference ranking list of acceptable users on the
other side. Each user in set K (or M) has preference over
users in set M (or ). Let ¢(k) be the preference function
of user k in set K, and let p(m) be the preference function
of user m in set M. Hence, each S-RRH has a preference set
¢(k) for MUESs, which is sorted according to } -, ¢ v, Uk, ie.,
the total utility S-RRH}, can acquire by cooperating with the

MUE. Each MUE also has its own preference set (m), which
is ordered according to U#L, the utility that MUE can obtain
through cooperation with the S-RRH. In particular, ¢ >, j iff
S-RRH k prefers MUE i to MUE j. The incidence matrix X
is a subset of y and is defined by: z ., = 1, if (k, m) € p,
and 1z, = 0 otherwise. The objective of the matching is
to find a stable matching solution. It is evident that x4 is a
stable matching of (T', g;,) if and only if its incidence matrix x
satisfies the following inequalities:

Z Tpm <1, YmeM (17
k:(k,m)el’
Y mm<a Vhkek  (18)
m:(k,m)er
GTeym + % D Tim + Y Thyj = @, V(k,m) €T
’i>mk j>'1€m
(19)

Indeed, the first two inequalities ensure that £ is a matching,
and the last inequality guarantees that the matching is stable.
Expression ¢ >, j represents user z prefers i to j.

The two-sided cooperator selection algorithm is performed
to solve the cooperation problem, and it can be summarized by
the following steps in detail. In the first beginning, the data
transmission utility of MUEs obtained by cooperating with
S-RRHs are calculated to get the preference lists of S-RRHs of
all MUEs, and the preferences are sorted in descending order.
In addition, the S-RRHs have the privilege to choose the MUEs
and form the preference lists based on the cooperation utility.
Each S-RRH proposes to its top-ranked choice (if an S-RRH
has a quota of gy, then the g MUEs are the top-ranked on its
ranking list). Afterwards, the MUE checks whether one of the
proposals from the S-RRHs is its most preferred cooperator
according to its preference ranking list. If no such matching
is found, the algorithm proceeds to the next step, where the
second ranked MUE on each S-RRH’s ranking list is matched
with the top-ranked MUESs on the S-RRH’s list.

For example, there are 2 S-RRHs and 6 MUEs. Each of
the S-RRHs and MUEs has its own preference lists, e.g.,
{51, 52} for the MUE; and {Ml, My, M3, Mg, Ms, MQ} for
S-RRH;. S-RRH; has quota 2 so that it will propose to
the top two MUEs on its preference list, i.e., MUE; and
MUEy. If MUE; or MUEy accepts the proposal, the matching
pairs will be updated; otherwise, it will continue to pro-
pose the one next on its reference list. In any step where
no matching is found, the algorithm proceeds to the next
step. Otherwise, the matched pairs are under the tentative-
assignment-and-update state. Finally, when the pairs are under
the tentative-assignment-and-update state from the /th step, the
tentative matched pairs, i.e., S-RRHs and MUEs, are updated
in the following way.

e Any S-RRH who ranks lower than the MUE’s tenta-

tively assigned cooperator is deleted from its ranking list,
i.e., the updated ranking of the MUE who is tentatively
assigned to its ¢th choice lists only its /th first choice;

e MUE is deleted from the ranking of any S-RRH who was

deleted from the MUE’s ranking list.

According to the above statement, the cooperator selection
algorithm is sketched in Algorithm 1.

Authorized licensed use limited to: University of Waterloo. Downloaded on April 14,2020 at 16:21:12 UTC from IEEE Xplore. Restrictions apply.



208 IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, VOL. 6, NO. 1, MARCH 2020

Algorithm 1 Two-Sided Cooperator Selection Algorithm
Input:
A set of S-RRHs K, a set of MUEs M, and prefer-
ence ranking lists ¥ (k), ¢(m) of the S-RRHs and MUEs,
respectively.
Initialize ¢, p = () and £ = 0;
Qutput:
The cooperation pairs selection, i.e., many-to-one match-
ing result u;
1: while (S-RRH £ is not fully subscribed) and (v (k) # 0)
do
2:  S-RRH k proposes to the MUEs who are the first
(gi + £)th choice in the preference ranking list ¥ (k).
3:  if S-RRH £ is the first choice in MUE m’s preference
ranking list ¢(m) then

4: a = q — 1, p = pU{(k,m)}, and update the
ranking lists ¢ (k), ¢(m) of the S-RRHs and MUEs,
respectively;

50 else

6: {=/{+1, and go back to step 2;

7. end if

8: end while
9: (4 is a stable matching.

Before we move forward to the part of proving the proposi-
tions of the two-sided cooperator selection algorithm, we need
two theorems in advance which will help deduct the proofs.

Theorem 1: A pair (k, m) € I" blocks p if (i) k prefers m to
at least one of its assigned MUEs in p, or if & is assigned fewer
than g MUEs, and (ii) m prefers k to its assigned S-RRH in
u, or if m is unmatched.

Theorem 2: A matching result p is stable if it is not blocked
by any pair of users.

Based on the Theorem 1 and Theorem 2, we have the
following propositions.

Proposition 2: Stable matching can be obtained based on
the two-sided cooperator selection algorithm.

Proof: We prove the proposition by contradiction. Let p
be the matching result acquired using the two-sided cooper-
ator selection algorithm. Suppose (k, m) will block pu, i.e.,
S-RRH k and MUE m are not matched indicating that the
pair (k, m) does not belong to u, but they prefer each other
more. Therefore, MUE m prefers S-RRH k more than other
S-RRHs on its preference ranking list p(m), i.e., k > pu(m).
Moreover, S-RRH k must have proposed to MUE m before the
matching algorithm stops. However, they do not match each
other in the matching result p, which suggests that MUE m
must reject the proposal of S-RRH k. In this case, there must
be another S-RRH %’ who has a higher priority in MUE m’s
preference ranking list in p. As a result, (k, m) will not block
w, which contradicts the assumption. Hence, matching result
1 is a stable matching since it will not be blocked by any
users. |

Proposition 3: Stable matching for the two-sided
cooperation pair selection problem is unique.

Proof: We prove the proposition by induction on M. Let K
be the number of S-RRHs with quota ¢, M be the number
of MUEs, and p be the matching for matrix I'yxcx o¢. When
M = 1, the stable matching is unique since the first and the
best MUEs will be assigned to the only S-RRH; when M > 2,
let 1 be the matching result which enables the S-RRHs choose
the MUESs providing highest cooperation utility for I', and let
1t/ be the matching attained by deleting a S-RRH k and MUE
m to attain I'. Suppose p’ is the unique stable matching for
I, If i is a stable matching, then (k) = m, and p\{(k, m)}
must be a stable matching. By induction, we can conclude
that o := ¢/ U {(k, m)} is the unique stable matching for T".
Therefore, p is the unique stable matching for T. |

Proposition 4: The proposed two-sided cooperator match-
ing scheme always converges to a stable matching.

Proof: To see that the scheme converges, note that each
MUE can only be rejected at most K times. Consequently,
for each MUE, there exists an ¢ high enough such that in all
rounds of the algorithm past ¢, the MUE is assigned the same
S-RRH, so the pointwise limit exists. To see that the limit is
a matching, we only have to prove that the measure of MUEs
assigned to each S-RRH is no more than its capacity. At the
{-th round of the algorithm, let R, be the measure of rejected
MUESs. Again, because no MUE can be rejected more than
K times, we have Ry — 0. But at round ¢, the number of
MUEs assigned to each S-RRH has to be at most Ry, so in
the limit, each S-RRH is assigned at most its quota. Also, if
the measure is less than the quota, then we know the S-RRH
has not rejected any MUEs throughout the algorithm. |

From the above propositions, we can see that the two-
sided cooperator selection can acquire the unique and stable
many-to-one matching solution. We also notice that the com-
putational complexity increases when the number of MUEs
and S-RRHs becomes larger. However, the computational
complexity of the many-to-one stable matching depends on
the total number of acceptable pairs [36]. The computational
complexity of the proposed algorithm is O(M x K), where
M represents the number of MUEs and K denotes the number
of S-RRHs, which is of low complexity and can be efficiently
implemented in practice.

VI. NUMERICAL RESULTS

In this section, the proposed cooperation framework is
evaluated via extensive simulations. The performance and
interference level of MUEs and SUEs with and without coop-
eration are compared, respectively. Moreover, we illustrate
how the values of o and Pj affect the cooperation utility,
and the relationship between cooperation time fraction v and
the transmission power of S-RRH Py, is also shown. In addi-
tion, the performance of the proposed two-sided cooperator
selection algorithm is compared with the optimal solution.

We consider an H-CRAN with single hexagonal macro-
cell consisting of one macro-RRH, K S-RRHs, M MUEs and
N SUEs. The SUEs are in coexistence with the MUEs on
the same bandwidth 20 MHz. The macro RRH serves MUEs
scheduled over M OFDMA subcarriers with equal bandwidth.
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TABLE I
SIMULATION PARAMETER

Parameter Value
Macro RRH coverage area 3 km
S-RRH coverage area 300 m

Number of users served by each S-RRH 10

Time slot duration 10 ms
System bandwidth 20 MHz
Maximum transmission power of S-RRH 46 dBm
Minimum transmission power of S-RRH 40 dBm
Transmission power of MUE 30 dBm
Transmission power of SUE with cooperation 30 dBm
Transmission power of SUE without cooperation 20 dBm
Path loss exponent 4
Log-normal shadow fading 1
Noise density —174 dBm/Hz
Number of iterations 100
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Fig. 3. H-CRAN deployment.

Each S-RRH serves 10 SUEs which also use OFDMA spec-
trum access manner. A closed access policy is adopted at each
S-RRH. The channel fading coefficients are obtained based on
the deployment of RRHs and users, and they are calculated by
|hm,n|2 = d;;’n, where dy, , is the distance from node m to
n with a unit in meter and the path loss exponent 7 is set to
4 [38]. The large scale fading is calculated based on path loss,
while the small scale fading |g| is the Rayleigh fading mag-
nitude with E[|g|?] = 1. The noise density is —174 dBm/Hz.
Detailed simulation settings are summarized in Table 1. The
iteration in the simulation is used to obtain the average utility
that accounts for the effect of randomness.

In Fig. 3, a simple H-CRAN scenario is illustrated. The
M-RRH is represented by a solid square which is located at
the origin. MUEs and S-RRHs are deployed uniformly on the
3000 x 3000 m? area. The S-RRHs are represented by the
green triangles serving as the center of a disc of radius 300 m,
in which SUEs are randomly located. Red stars denote the
SUEs, and blue circles represent the MUEs. The number of
MUEs and S-RRHs are 50 and 3, respectively. Each S-RRH
serves 10 SUEs, and the number of SUEs is 30 accordingly.

As shown in Fig. 4, the number of S-RRHs varies
from 5 to 15, and each S-RRH serves 10 SUEs. Accordingly,
the number of SUEs varies from 50 to 150. The quota of the
S-RRH is g; = 3. The number of MUE:s is 100. In our simu-
lation, the preference ranking lists of the S-RRHs and MUEs
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Fig. 4. Utility comparison with and without cooperation.
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Fig. 5. Interference to MUE and SUE with and without cooperation.

are obtained according to the locations of the H-CRAN con-
figuration. In Fig. 4, we compare the average utility of MUEs
and SUEs with and without cooperation, respectively. The red
line with circles represents the average utility of MUEs which
cooperate with S-RRHs. The value increases as the number
of S-RRHs becomes larger since the cooperators with bet-
ter conditions are selected and more MUEs being involved in
the cooperation. Moreover, it can be observed that the aver-
age utility obtained with cooperation outperforms that without
cooperation. Not only the S-RRHs contribute to that by relay-
ing transmission, but also the cooperation between S-RRHs
and MUEs mitigates the interference to both small cell and
macrocell networks.

In Fig. 5, the interferences to MUE and SUE (with and
without cooperation) are illustrated, respectively. It is shown
that the interference to both MUE and SUE are mitigated due
to the cooperation between the S-RRH and MUEs. The reason
for the interference mitigation of the SUE is that the coopera-
tive MUEs stop the continuous retransmissions to the M-RRH
since the S-RRH helps them relay their traffic to the M-RRH.

In Fig. 6, we show the relationship between cooperation
time fraction o and the cooperation utility. We consider the
M-RRH is located at the origin, and the MUE is located
1300 m far from the M-RRH. The x-axis represents the dis-
tance between the M-RRH and the S-RRH, and we vary the
distance from 800 m to 1300 m. In this way, the S-RRH is
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Fig. 7. Total utility as a function of o with different values of Pj.

moving from the macro RRH towards the MUE. We can see
that the optimal value of a, ,,, depends on the locations of the
S-RRH between the M-RRH and the MUE. When the S-RRH
is located in the middle between the M-RRH and the MUE, a
larger « results in higher cooperation utility, and vice versa.
A larger « results in higher cooperation utility since both the
links from the S-RRH to the M-RRH and from the MUE to
the S-RRH are good. Otherwise, when one of the links is in
poor channel condition, a larger o will adversely affect the
cooperation utility.

As shown in Fig. 7, as the value of Pj increases, the
cooperation utility increases since higher transmission power
leads to higher transmission rate. With different locations of
S-RRH, the optimal solutions of P}, are different. Hence, we
can conclude that the higher value of P}, contributes to higher
cooperation utility which is consistent with the closed-form
solution in (16).

In Fig. 8 and Fig. 9, we vary the cooperation time frac-
tion a from 0.1 to 0.9, and vary the transmission power from
the minimum to maximum. The utility of S-RRHs and MUEs
and the total cooperation utility are shown. In Fig. 8, we
can see that the utility of MUEs increases as the value of
« becomes larger, while the utility of S-RRHs decreases. In
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Fig. 8. The utility of S-RRHs and MUEs as a function of o and Py,.
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Fig. 10. Matching results comparison of the proposed algorithm and the

optimal algorithm.

Fig. 9, it is shown that as the maximum total cooperation utility
achieved at the maximum transmission power of S-RRH, and
the optimal value of o depends on the locations of the M-RRH,
S-RRHs and MUEs, since the locations of users affect the
transmission channel conditions.

In addition, we also compare the total utility of our proposed
two-sided cooperator selection algorithm with the Hungarian
algorithm which gives the optimal solutions when ¢ = 1.
The number of S-RRHs is K = 10, and the number of MUEs

Authorized licensed use limited to: University of Waterloo. Downloaded on April 14,2020 at 16:21:12 UTC from IEEE Xplore. Restrictions apply.



TANG et al.: INTERFERENCE MITIGATION VIA CROSS-TIER COOPERATION IN HETEROGENEOUS CLOUD RADIO ACCESS NETWORKS 211

M varies from 10 to 100. As shown in Fig. 10, the blue
stars represent the optimal results obtained by the Hungarian
method, and the red circles are the results obtained by our
proposed selection algorithm, which are very close to the
optimal solutions.

VII. CONCLUDING REMARKS

In this paper, we have proposed a cooperation strategy for
interference mitigation in H-CRAN. The cooperation problem
is first formulated as a mixed integer programming, and
is then transformed to a joint cooperation time and power
allocation problem and a cooperator selection problem. We
have solved the problems separately. Moreover, our proposed
cooperator selection scheme takes both S-RRHs’ and MUEs’
utility into consideration. In addition, the inter-tier interference
can be reduced. Simulation results have shown that the data
transmission utility obtained by adopting our proposed two-
sided cooperator selection approach can achieve near optimal
performance in H-CRAN, and the cooperation can improve
both the MUEs’ and SUEs’ utility compared with the non-
cooperation solution. One of the applications of adopting our
proposed cooperation framework is that the S-RRH can pre-
cache popular contents to serve both MUEs and SUEs, which
helps to reduce the traffic of fronthaul links. In the future work,
we will investigate the clustered cooperation groups to further
improve the network performance.

APPENDIX

Proof: Let & = (af ., P;) be an optimal solution for
any k € K and m € M, we assume that the point is not
at the boundary, which means that &y is within the region

Umin
1_w Sak,mglandpmin < P, < Pigg. Then,

the optimization problem P can be rewritten as:

(P{) : minimize f()

subject to ¢;(§) >0,i€Z (20)

where & is defined as the feasible solution of problem Py
Hence, A(&) = {i € T : ¢;(§) = 0}, where ¢;(§) are the
constraints and ¢ is the variable. The expression of Pi is
a more general and concise formulation which will ease the
proof, and we need the following lemma for the proof.

Lemma (LICQ): Given the point and the active set, we say
that the linear independence constraint qualification (LICQ)
holds if the set of active constraint gradients is linearly
independent [39].

In our case, within the feasible region 0 < Apm < 1-—

min

m and P, < Pj, < Ppeg there is only one active

set ¢;(€), which is ag y, TBm Fi i (Pr) — U/ > 0. Then,
we have the gradient of ¢;(£) given by

TBy Fy, p (Py,)
Vei(pm Pr) = | —ea)i-adeslmez | @D
1+(17a)63P2
Since, V¢;(ay, m, Py) is not equal to 0, in other words, the
set of A(&y) = {i € T : ¢;(&) = 0} is linearly independent. If
LICQ holds at local solution &y, Karush-Kuhn-Tucker (KKT)

conditions must be satisfied. We have the Lagrangian function
of optimization problem P;’ shown as

L(ak,mapkv)‘) = f(ak,m»Pk) - )‘g(ak,'rmpk)
= TBm{ [Gk;m - Fk,m(Pk)] Xpom — Gk,m}

= Aok TBun Py (Py) = UR™ ] (22)
The gradient of (22) is
8L(ak7m,Pk,>\)
dag,m
Vei(akm Pi) = | o2 (o b @3)
P,

where

OL(@km: P Y) _ TBm [(Gr,m — Fio,m(Pr)) — AFp,m (Pr)]

8ak,m
(24)
and
aﬁ(akm, Pk, )\)
) =— TBmaD(l + O‘k,m)v (25)
in which
oP
D= _——-—
aFk,m(Pk>
4 2 2 2 2 2
B P e Pie,0 P+ T T o P
hy,  Pmo? + hi o Pro® +h2  hi o PPy, + o
» In2
h2, o Pm o+ b o Py + 0%
In reality, oy, = 0 means the whole transmission time

slot of the MUEs are given to the S-RRHs which is infea-
sible; o, = 1 means S-RRHs relay the data MUEs for
the whole cooperation time slot, which is infeasible either,
since S-RRH will not choose to cooperate with the MUE
if there is no spectrum available that can be acquired as
a reward for relaying. Since )\k’m >0, T >0 B >0
and D > 0, we can obtain that (23) does not equal to 0,
which is in conflict with the KKT conditions. As mentioned
above, we can see that the LICQ holds but the KKT condi-
tions are not satisfied. Therefore, the assumption is not true
and the optimal solution is on the boundary of the feasi-
ble set. From (11) and (12), we notice that the value of the
objective function decreases when P} becomes larger, so we
have P; = Ppaz. Then, the optimization problem becomes
as follows:

minimize TBp [Gk.m — Fi.m(Pmaz)%m — Gl.m)

Ak m
Umm
subject to « > m
) kym = TBka7m(Pmam)
Ukmin
O<ap,<l——t (26)
o TBm Gi,m
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Therefore, we can obtain the optimal solutions for three cases
shown by (15) and (16). [ |
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