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Abstract—We consider the admission control of small cell ac-
cess points (SAPs) supported by wireless backhaul in a heteroge-
neous network. The SAP admission control in wireless backhaul
is performed at the wireless backhaul hub (WBH), which aims to
serve as many SAPs as possible with the guaranteed data rates.
Such a problem involves joint design of transmit beamformers,
power control, and selection of SAPs, which is difficult to solve.
We propose a low-complexity iterative algorithm that exploits the
Karush-Kuhn-Tucker (KKT) conditions of the convex relaxed
problem. Such an iterative algorithm converges locally to the
optimum solution of the relaxed problem. Based on the outputs
of the iterative algorithm, selection of the SAPs is performed.
Simulations show that the proposed algorithm is fast and achieves
near-optimum results in the cellular setup.

I. INTRODUCTION

In the Fifth Generation (5G) cellular communication net-
works, huge volumes of data traffic is going to be offloaded
from macrocells to their underlaid small cells [1]. Providing
fast and reliable backhaul data links between the core network
and small cell access points (SAPs) to transport those data
becomes a critical issue for such multi-tier heterogeneous
networks [2]. When the number of SAPs is large, it may not
be possible to provide wired backhaul to all SAPs. Wireless
backhaul, which is cost-effective and easier to build, offers an
appealing alternative.

Recent works have provided theoretical analysis of wireless
networks with rate-constrained backhaul. Zhao et al. [3] con-
sidered backhaul user data transfer minimization in multicell
joint processing networks. Algorithms involving joint design
of beamformers and user data allocation were proposed to
effectively reduce the backhaul data transfer. Zhou et al. [4]
presented an information-theoretic study of an uplink multi-
cell joint processing network in which the base stations are
connected to a centralized processing server via rate-limited
digital backhaul links employing the compress-and-forward
technique.

Compared to wired backhaul, the resource management of
wireless backhaul is more complicated due to its limitation in
transmit power and radio spectrum. When it is not possible to
meet the quality-of-service (QoS) requirements for all SAPs
with the given resources, only a subset of transmission links
can be selected to be active. Zhai et al. [5] investigated the
link activation problem in a cognitive radio network, and

analyzed the energy-infeasibility tradeoff. The uplink user
admission control and user clustering under given QoS and
power constraints were considered in [6], where efficient
algorithms relying on convex optimization were proposed.

In this paper, we consider a heterogeneous cellular network
with densely underlaid single-antenna SAPs. The SAPs obtain
their small cell user data from the core network via wireless
backhaul. A wireless backhaul hub (WBH) with multiple
antennas is deployed to transmit wireless backhaul signals
to the SAPs. The data rate in the wireless backhaul links
must meet certain QoS requirement, which depends on the
data rate requirements of the small cell users. We address
the problem of SAP admission control in wireless backhaul,
i.e., we design transmission schemes aiming to support the
maximum number of SAPs into the network under the given
QoS constraints at SAPs and power constraint at WBH. Such
transmission schemes involve joint design of beamformers
and power control, as well as selection of subset of SAPs
to be supported. We tackle this difficult problem by applying
ℓ1-norm relaxation to the original non-convex non-smooth
problem and utilize uplink-downlink duality to transform the
transmit beamforming problem into an equivalent receive
beamforming problem. Based on the optimality conditions,
we propose a low-complexity iterative algorithm that jointly
update the values of the primal and dual variables. We admit
the SAPs based on the solution of the ℓ1-relaxed problem.
Simulations show that the proposed algorithm demonstrates
fast convergence rate and its final result on the number of
admitted SAPs is nearly indistinguishable from the optimum
result.

The remainder of the paper is organized as follows. In
Section II, we introduce the system model and formulate
the SAP admission control problem. The iterative algorithm
and its convergence property are presented in Section III.
Section IV shows the convergence behavior and the simulation
results in a cellular scenario. Finally, conclusions are drawn
in Section V.

Notation: we use bold uppercase letters to denote matri-
ces and bold lowercase letters to denote vectors. CN (0,σ2)
denotes a circularly symmetric complex normal zero mean
random variable with variance σ2. (·)T and (·)H stand for
the transpose and conjugate transpose, respectively. CM and
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Fig. 1. A heterogeneous cellular network with wireless backhaul.

RM
+ denote M -dimensional complex vectors and nonnegative

real vectors, respectively. E {·} stands for the mathematical
expectation. {ui} denotes the set made of ui, ∀i. ∥x∥, ∥x∥

0

and ∥x∥
1

stand for the Euclidean norm, the ℓ0-norm and the
ℓ1-norm of the vector x, respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a heterogeneous cellular network with N un-
derlaid single antenna SAPs as in Fig. 1. The SAPs obtain their
small cell user data from the core network via wireless back-
haul. A WBH with M antennas is responsible for transmitting
wireless backhaul signals to the SAPs. The wireless backhaul
spectrum is out-of-band, which does not interfere with users
in the network. In order to meet the data rate requirements
for serving small cell users, each SAP must receive data from
the WBH satisfying certain minimum rate requirement. In a
heterogeneous cellular network, users that cannot be served
by SAPs will have to be served by the macrocell base station
(MBS) directly. In order to let more users be served by the
SAPs and divert the data traffic, it is desirable for the WBH to
support as many SAPs as possible. Given QoS requirements
at SAPs and wireless backhaul power constraint at WBH,
we propose schemes that admit the maximum number of
SAPs that can be simultaneously supported by the WBH using
wireless backhaul.

We denote the wireless backhaul channel from the WBH
to the ith SAP as hH

i , where hi ∈ CM , ∀i = 1, · · · , N .
Linear transmit processing is applied at the WBH to deliver
user data to the SAPs using wireless backhaul links. The
transmit beamformer at the WBH for the ith SAP is denoted as
ui ∈ CM , such that ∥ui∥ = 1, ∀i. We denote the normalized
data symbol for the ith SAP’s users that is transmitted via

wireless backhaul as di, where E
{

|di|
2
}

= 1. The received

signal at the ith SAP can be expressed as

yi = hH
i ui

√

pi
M

di +
N
∑

j=1,j ̸=i

hH
i uj

√

pj
M

dj + ηi (1)

where ηi is the additive white Gaussian noise (AWGN) at the
ith SAP, such that ηi ∼ CN (0, ni) and ni denotes the noise
variance. The transmit power for data of the ith SAP is pi/M .
We denote the power constraint for backhaul transmission at

the WBH as P . The backhaul transmit power must satisfy
∑N

i=1
wipi/M ≤ P , where wi > 0 is the weight for the

ith transmit power. The signal to interference-plus-noise ratio
(SINR) at the ith SAP is given by

SINRD
i =

pi

M

∣

∣hH
i ui

∣

∣

2

∑N
j=1,j ̸=i

pj

M

∣

∣hH
i uj

∣

∣

2
+ ni

. (2)

In order to meet the QoS requirements of its small cell
users, the receive SINR at each SAP must satisfy minimum
SINR requirement. The SINR requirements at SAPs can be
determined from the QoS requirements of their small cell users
and they can be easily fed back to the WBH1. We denote the
SINR requirement for the ith SAP as γi, ∀i.

When the SAPs are densely deployed, the WBH may not be
able to support all the SAPs simultaneously for given SINR
and power constraints. The users that cannot be served by
SAPs need to be served by the MBS. In order to divert more
users from the macrocell to small cells, it is desirable to select
the subset of SAPs with the maximum cardinality that can be
simultaneously supported by the wireless backhaul. Such a
problem of SAP admission control can be formulated as

min
p,{ui},x

∥x∥
0

s.t. SINRD
i ≥

γi
1 + xi

, ∀i = 1, · · · , N,
1

M
wTp ≤ P,

x ≥ 0

(3)

where w = [w1, · · · , wN ]T , p = [p1, · · · , pN ]T , and x =
[x1, · · · , xN ]T ∈ RN

+ . Here xi ≥ 0 represents the SINR gap
of the ith SAP to satisfy its SINR requirement. If xi = 0 in
the solution, it shows that the SINR requirement γi can be
satisfied by the ith SAP. The objective function ∥x∥

0
denotes

the ℓ0-norm of x, which is the number of non-zero elements
in x.

III. ANALYSIS AND ALGORITHM DESIGN

The problem (3) is combinatorial and NP-hard due to the
non-convex ℓ0-norm in the objective function [7]. Approxi-
mate solutions of non-convex optimization problems can be
obtained by applying convex relaxation [3], [6] and replacing
the ℓ0-norm in (3) with its convex envelop, i.e., the ℓ1-norm.
The ℓ1-relaxed problem can then be expressed as

min
p,{ui},x

∥x∥
1

s.t. constraints of (3).
(4)

The problem (4) is still difficult to solve due to the need to
jointly optimize the transmit power p, transmit beamformers
{ui}, and the SINR gap x. The following lemma shows
that the downlink transmit optimization problem (4) can be
converted to an uplink receive optimization problem.

1Denote the users of the ith small cell as J. Assume the data rate
requirement of the ith user to be ri, ∀i ∈ J. Then, the SINR requirement for
the ith SAP must be chosen such that log2(1 + γi) ≥

!
i∈J

ri.



Lemma 1: The downlink transmit optimization problem (4)
is equivalent to the following dual uplink receive optimization
problem

min
q,{ui},x

∑

i xi

s.t. SINRU
i ≥

γi
1 + xi

, ∀i = 1, · · · , N,
1
M
nTq ≤ P,

x ≥ 0

(5)

where n = [n1, · · · , nN ]T and q = [q1, · · · , qN ]T ∈ RN
+ .

Here we define

SINRU
i =

qi
M

∣

∣uH
i hi

∣

∣

2

∑N
j=1,j ̸=i

qj
M

∣

∣uH
i hj

∣

∣

2
+ wi

. (6)

Furthermore, the optimum solution of {ui} and x are the same
in (4) and (5). The optimum solution of p in (4) has one-
to-one correspondence to the optimum solution of q in (5).
The problem (5) is a receive optimization problem in the dual
uplink with the same SINR constraints, where hi is the dual
uplink channel from the ith SAP to the WBH and wi becomes
the uplink noise variance at the ith SAP. Here qi/M represents
the dual uplink transmit power of the ith SAP, and uH

i is the
uplink receive beamformer for the ith SAP transmission.

Proof: Refer to [8].

We denote the optimum solution of (4) as p⋆, {u⋆
i }, x⋆.

According to Lemma 1, the optimum solution of (5) can be
denoted as q⋆, {u⋆

i }, x⋆. The following lemma shows that
the optimum beamformer {u⋆

i } can be determined from the
optimum uplink power q⋆.

Lemma 2: The optimum receive beamformer {u⋆
i } of (5)

is the minimum mean square error (MMSE) receiver, which
can be obtained from the optimum uplink power q⋆ as

u⋆
i = uMMSE

i (q⋆) =
1

ξ

⎛

⎝

N
∑

j=1,j ̸=i

q⋆j
M

hjh
H
j + wiI

⎞

⎠

−1

hi (7)

where ξ is a normalization factor such that ∥u⋆
i ∥ = 1. The

corresponding uplink SINR in (6) is

SINRU
i (q⋆, {u⋆

i }) =
q⋆i
M

hH
i

⎛

⎝

N
∑

j=1,j ̸=i

q⋆j
M

hjh
H
j + wiI

⎞

⎠

−1

hi

(8)

Proof: Refer to [8].

For notational brevity, we define an equivalent channel
matrix G, where

Gij =
∣

∣hH
i uj

∣

∣

2
, ∀i, j = 1, · · · , N (9)

and we omitted the dependence of Gij on uj . After a change
of variables q̃i = log( qi

M
), ∀i, the problem (5) can be

equivalently expressed as

min
q̃,{ui},x

∑

i xi

s.t. log
γi

(

∑N
j=1,j ̸=i Gjieq̃j + wi

)

Giieq̃i
≤ log(1 + xi), ∀i

∑N
i=1

nieq̃i ≤ P,
x ≥ 0.

(10)
For fixed {ui}, the problem (10) is a geometric programming
(GP) problem whose solution in q̃ and x can be obtained by s-
tandard convex optimization software [9]. Considering {ui} as
optimization variables, one method to obtain solutions of (10)
is alternately optimizing {q,x} and {ui} by solving (10) with
fixed {ui} and updating the MMSE receiver

{

uMMSE
i

}

using
the obtained q, respectively. However, this method is slow
and has high computational complexity. In the following, we
provide a low complexity iterative algorithm.

We associate the ith SINR constraint in (10) with the
Lagrange dual variable νi, the power constraint with µ, and
the nonnegativity constraint of xi with αi. The GP problem
(10) satisfies Slater’s condition. Hence, the Karush-Kuhn-
Tucker (KKT) conditions are necessary and sufficient for
the optimality of (10). The following theorem provides the
optimality conditions for (10), which is key to our iterative
algorithm that solves (4).

Theorem 1: The optimum primal and dual solutions of (10)
satisfy the following conditions

x⋆
i = max (ν⋆i − 1, 0) , ∀i = 1, · · · , N ; (11)

Mν⋆i
q⋆i

=
N
∑

j=1,j ̸=i

MGijγjν⋆j
(1 + x⋆

j )Gjjq⋆j
+ µ⋆ni, ∀i; (12)

(1 + x⋆
i )Giiq⋆i

Mγi
=

N
∑

j=1,j ̸=i

Gjiq⋆j
M

+ wi, ∀i; (13)

N
∑

i=1

niq⋆i
M

= P ; (14)

µ⋆ > 0; ν⋆i > 0, ∀i. (15)

The optimum downlink power p⋆ of (4) can be obtained
directly from the optimum primal and dual solutions of (10)
as

p⋆i
M

=
Mγiν⋆i

(1 + x⋆
i )Giiq⋆i µ

⋆
, ∀i. (16)

Furthermore, we have

(1 + x⋆
i )Giip⋆i

Mγi
=

N
∑

j=1,j ̸=i

Gijp⋆j
M

+ ni, ∀i; (17)

N
∑

i=1

wip⋆i
M

= P. (18)

Proof: Refer to [8].



Corollary 1: The optimum downlink transmit power p⋆ of
(4) and the optimum primal and dual solutions of (10) satisfy

ν⋆i =

⎛

⎝

N
∑

j=1,j ̸=i

Gijp⋆j
M

+ ni

⎞

⎠

µ⋆q⋆i
M

, ∀i = 1, · · · , N ; (19)

µ⋆ =
N
∑

i=1

Mγiν⋆i wi

(1 + x⋆
i )Giiq⋆i P

; (20)

γi
(1 + x⋆

i )
= SINRU

i (q⋆, {u⋆
i })

=
q⋆i
M

hH
i

⎛

⎝

N
∑

j=1,j ̸=i

q⋆j
M

hjh
H
j + wiI

⎞

⎠

−1

hi, ∀i. (21)

Here (19) is obtained by substituting (16) into (12). Eq. (20)
is obtained by substituting (16) into (18). Eq. (21) is obtained
by (13) and Lemma 2.

Based on Theorem 1 and Corollary 1, we propose Algo-
rithm 1 that iteratively updates the values of the primal and
dual variables to obtain the optimum p⋆, {u⋆

i } and x⋆ of
(4). In Algorithm 1, we first store the old values of q in
(22). The fixed-point iteration (23) and normalization (24)
are obtained according to (21) and (14), respectively. Here
(25) is to ensure contraction mapping for the algorithm. After
obtaining the uplink power q, we calculate the corresponding
MMSE receiver and the equivalent channel in (26) and (27)
according to (7) and (9), respectively. The value of µ in (28) is
obtained according to (20). The corresponding downlink power
(29) is calculated according to (16) after getting the value of µ,
and the value of νi in (30) is updated according to (19). In this
algorithm, the optimum solution of p⋆ is obtained directly in
(29). There is no need to perform the uplink-downlink power
mapping [10]. The convergence property of Algorithm 1 is
shown in the following theorem.

Theorem 2: Starting from an initial point that is sufficiently
close to the optimum solution of (5), Algorithm 1 converges to
the optimum solution of (5) that satisfies the KKT conditions.

Proof: Refer to [8].

Theorem 2 shows that Algorithm 1 converges locally to the
optimum solution of (4). However, its range of convergence
cannot be obtained from Theorem 2, and the result may depend
on the initialization point. Whether this algorithm can converge
globally is still an open problem. In our simulations, we
observe that its range of convergence is large and even random
initialization will converge to correct results.

A. Connections With Max-Min SINR

If all the SAPs can be supported, x⋆ = 0 in the solution of
(10). The values of νi, ∀i, decrease monotonically towards
zero in Algorithm 1. In this case, the update of power in
(23)–(24) becomes the power iteration steps in the max-min
SINR algorithm of [11]. Algorithm 1 will still converge. The
output p and {ui} of Algorithm 1 are the power allocation and
beamformers that maximize the minimum SINR of all SAPs
in the system.

Algorithm 1 Iterative algorithm to solve (4)

1: Initialization: νi ≥ 1 and qi > 0, ∀i, such that
∑N

i=1
niqi = MP .

2: repeat
3: Store old values of q

q̃ = q. (22)

4: Update

q̄i =
Mγi ·max(νi, 1)−1

hH
i

(

∑N
j=1,j ̸=i

qj
M
hjh

H
j + wiI

)−1

hi

, ∀i.

(23)
5: Normalize

q̄ =
MP

nT q̄
q̄. (24)

6: Set

q =
1

2
(q̄+ q̃). (25)

7: Calculate ui

ui =
1

ξ

⎛

⎝

N
∑

j=1,j ̸=i

q⋆j
M

hjh
H
j + wiI

⎞

⎠

−1

hi, ∀i. (26)

8: Calculate the equivalent channel

Gij =
∣

∣hH
i uj

∣

∣

2
, ∀i, j = 1, · · · , N. (27)

9: Calculate µ

µ =
N
∑

i=1

Mγiνiwi

max(νi, 1) ·GiiqiP
. (28)

10: Calculate the downlink power

pi
M

=
Mγiνi

max(νi, 1) ·Giiqiµ
, ∀i. (29)

11: Update νi

νi =

⎛

⎝

N
∑

j=1,j ̸=i

Gijpj
M

+ ni

⎞

⎠

µqi
M

, ∀i. (30)

12: until |qi − q̃i| ≤ ϵ, ∀i.
13: Set xi = max(νi − 1, 0), ∀i.
14: return x, p and {ui}

B. Iterative SAP Removal

Due to convex relaxation, the solution of (4) may not be
always optimal for (3). Therefore, (4) cannot be simply used
as the substitution of (3) and we need to refine the selection
of users based on the solution of (4). Since the solution of xi

in (4) represents the gap of the ith SAP’s SINR to satisfy
its SINR requirement, it is natural for us to select those
SAPs with small xi. We propose to iteratively remove SAPs
with decreasing values of xi until the remaining set of SAPs
becomes feasible to satisfy the SINR and power constraints,
i.e., until xi = 0, ∀i. In this way, we obtain the final results



for SAP admission control.

IV. SIMULATION RESULTS

A. Convergence Behavior of Iterative Algorithm

To verify the iterative algorithm, we consider a heteroge-
neous cellular network, where the number of antennas at the
WBH is M = 3 and the number of SAPs is N = 4. Each
SAP has a single receive antenna for the wireless backhaul.
The SINR requirement at each SAP for the wireless backhaul
is set at γi = 3.01dB, ∀i = 1, · · · , N . The noise variance
at each SAP is normalized to ni = 1 Watt, ∀i. The transmit
power constraint for wireless backhaul at the WBH is P = 10
Watt. In the simulations, the weights for the transmit power
are set to wi = 1, ∀i. A randomly generated channel is used to
show the convergence result. We compare the results obtained
by two methods: Algorithm 1 and alternate updates using cvx

(AUC). In AUC, we solve (4) by alternatively solving (10)
with fixed {ui} to obtain uplink power q and updating the
MMSE receiver

{

uMMSE
i

}

using the obtained q. In the end,
we map the obtained uplink power q into the corresponding
downlink power p that achieves the same SINR using uplink-
downlink power mapping [12].

The convergence behavior of Algorithm 1 is shown in Fig. 2.
Algorithm 1 converges to the same result obtained by AUC
in less than 8 iterations. Fig. 2(a) shows the convergence
results of pi, ∀i, and we initialize all pi with the same
value. Fig. 2(b) shows the convergence results of νi, ∀i. After
8 iterations, Algorithm 1 and AUC reach the same results.
The AUC method needs to invoke interior-point algorithms
and successive approximation [9] to solve (10). However,
Algorithm 1 only involves simple calculations. The complexity
of Algorithm 1 is much lower than that of AUC.

B. SAP Admission Control

We perform numerical simulations using a cellular network
setup [13]. The WBH is located at the center of the cell.
The cell radius is 1km. The transmit antenna gain and power
constraint at the WBH is 5dB and 30dBm, respectively. The
pathloss model from the WBH to the SAPs is

L(dB) = 128 + 37.6 · log10 D, (31)

where D represents the distance between the WBH and the
SAP in the unit of km. The log-normal shadowing parameter is
10dB. The bandwidth of the wireless backhaul is 10MHz. The
noise variance at each SAP is -93.98dBm. The cell radius of
each small cell is 30m. We assume the SAPs are randomly and
uniformly distributed within the cell. Table I shows a summary
of the above simulation parameters.

In the numerical simulations for SAP admission, we com-
pare the proposed SAP admission control method, which
employs Algorithm 1 and iterative SAP removal, to other two
commonly used methods in literature: the Lagrange duality
based heuristic removal user admission (HRUA) algorith-
m [14] and the semiorthogonal user selection (SUS) algorith-
m [15]. We also compare the results with the exhaustive search
(ES) method. The ES method obtains the maximum number

TABLE I
SUMMARY OF SIMULATION PARAMETERS

Cell radius 1km

Small cell radius 30m

WBH transmit antenna gain 5dB

WBH transmit power constraint 30dBm

Log-normal shadowing 10dB

Transmission spectrum for backhaul 10MHz

Noise variance -93.98dBm

SAP location distribution uniform

of admitted SAPs by searching through all possible choices
of SAPs and chooses the set of SAPs with the maximum
cardinality. Even though the ES method produces the optimum
results for (3), the computational load of the ES method is
very high and it is only used as a benchmark for comparing
different methods. We consider a network where the WBH has
M = 4 antennas and there are N = 12 SAPs in the network.
We generate 60 channel realizations for each SAP location
layout and 20 different SAP location layouts are performed
in simulations. The results for the considered methods are
shown in Fig. 3. The average number of admitted SAPs for
each channel realization is shown in Fig. 3(a). We observe
that the average number of admitted SAPs by our proposed
iterative method is nearly identical to that obtained by the
optimum ES method. The HURA algorithm supports one less
SAP compared to the ES method on average. The results
achieved by the SUS algorithm is the worst, which is 2 to 1.2
less than the ES method. The transmit power

∑

i pi is shown
in Fig. 3(b). Our proposed algorithm generally has higher
power compared to HURA and SUS, but all the considered
algorithms satisfy the transmit power constraint P .

V. CONCLUSION

We considered the problem of SAP admission control in
a heterogeneous cellular network using wireless backhaul. In
order to divert the data traffic from the macrocell to small
cells, the WBH needs to simultaneously serve as many SAPs
as possible under given power and SINR constraints. Such a
problem is combinatorial and NP-hard. We applied ℓ1-norm
relaxation and proposed an iterative algorithm to solve the
relaxed problem. The iterative algorithm converges locally to
the optimum solution of the relaxed problem. Based on the
solution of the ℓ1-relaxed problem, the SAPs were iteratively
removed until all the remaining SAPs can satisfy the power
and SINR constraints. Simulations showed the iterative algo-
rithm achieved near optimum results in the SAP admission.

REFERENCES

[1] J. G. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. C. K. Soong,
and J. C. Zhang, “What will 5G be?” IEEE J. Select. Areas Commun.,
vol. 32, no. 6, pp. 1065–1082, Jun. 2014.

[2] D. Chen, T. Q. S. Quek, and M. Kountouris, “Backhauling in het-
erogeneous cellular networks — modeling and tradeoffs,” IEEE Trans.
Wireless Commun., 2014, revised.



2 4 6 8 10 12 14 16
3

4

5

6

7

8

9

10

11

Iterations

T
ra

n
sm

it 
p
o
w

e
r 

(W
)

 

 

SAP 1
SAP 2
SAP 3
SAP 4

(a) Convergence result of power pi, ∀i

2 4 6 8 10 12 14 16
0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

Iterations

D
u
a
l v

a
ri
a
b
le

 ν

 

 

SAP 1
SAP 2
SAP 3
SAP 4

(b) Convergence result of dual variable νi, ∀i
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